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(54) DOUBLE-HEADED MASS SENSOR AND IVIASS DETECTION METHOD 



(57) There is provided a double-headed mass sen- 
sor (25) in which between a first connecting plate (22A) 
joined to a first diaphragm (21 A) at respective sides and 
a second connecting plate (22B) joined to a second dia- 
phragm (21 B) at respective sides, a first sensing plate 
(41 A), on which a main element (44) is provided on at 
least one plane surface, is bridged, and a resonating 
portion comprising the diaphragms (21 A), (218), the 
connecting plates (22A), (228), the first sensing plate 
(41 A) and the main element (44) Is joined to a sensor 
substrate (27). Change in the mass of each of the dia- 
phragms (21 A), (218) is measured by measuring 
change in the resonant frequency of the resonating por- 
tion accompanying the change In the mass of the dia- 
phragms (21 A), (218). The mass sensor of the present 
invention enables the easy and highly accurate meas- 
urement of a minute mass of a nanogram order includ- 
ing microorganisms such as bacteria and viruses, 
chemical substances, and the thickness of vapor- 
deposited films. 
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Description 

Technical Field 

[0001] The present invention relates to a double- 
headed mass sensor for determining a minute mass of 
a nanogram (10"®g) order, for example, a mass sensor 
for sensing microorganisms such as bacteria, viruses, 
and protozoa or the like (immune sensor), and a mass 
sensor for sensing moisture, toxic substances, or spe- 
cific chemical substances such as taste components 
(moisture meter, gas sensor, and taste sensor), and a 
method for sensing a mass. 

[0002] In the present invention, two diaphragms used 
look like and function as "two heads", the mass sensor 
of the present invention has been nominated as a dou- 
ble-headed mass sensor. 

[0003] Although the double-headed mass sensor of 
the present invention can sense change in the mass of 
a diaphragm by measuring a change in resonant fre- 
quencies caused by attaching a specific material on a 
diaphragm, and it is possible to sense change in reso- 
nance frequency due to change in the mass of the dia- 
phragm itself; and therefore, the mass sensor can also 
be used as a thickness meter for vapor-deposited films 
or a dew indicator. 

[0004] Furthermore, even If the mass of the dia- 
phragm is not changed, the double-headed mass sen- 
sor of the present invention can also be used as a 
vacuum gauge, a viscosity meter, or a temperature sen- 
sor by placing it in an environment to cause change in 
resonant frequency, that is, by placing it in a medium 
environment of gases or liquids having different degree 
of vacuum, viscosity, or temperature. 
[0005] Thus, although the double-head mass sensor 
of the present invention can be used in various applica- 
tions depending on Its embodiments, the same basic 
principle is applied to the measurement of change in 
resonant frequencies of the diaphragm and the resonat- 
ing portion including the diaphragm. 
[0006] The double-headed mass sensor will be 
described below focusing on the case where it Is used 
as an immunosensor. 

Background Art 

[0007] Among what are referred to as diseases, micro- 
biological examinations are recently essential for the 
treatment of diseases caused by microorganisms such 
as bacteria, viruses, or protozoa, to find their patho- 
gens, to clarify their types, and to determine drugs to 
which they are sensitive. 

[0008] At present, in the first stage of the microbiologi- 
cal examinations, since the cause of a disease and the 
type of the pathogen can be estimated from the symp- 
toms, various specimens are selected depending on the 
type of the disease, pathogens present in the speci- 
mens are morphologically identified, or antigens or spe- 



cific metabolites of pathogens (e.g., toxins or enzymes) 
existing in the specimens are immunochemlcally identi- 
fied. This process is smeartest. staining, or microscopy 
used in bacterioscopy, and in recent years, instantane- 
5 ous identification has become possible in this stage by 
fluorescent antibody staining or enzymatic antibody 
staining. 

[0009] Also, the virus serological test, used in the 
detection of viruses, is a method for proving the pres- 
to ence of specific immune bodies (antibodies) that appear 
in the serum of a patient. For example, a complement 
fixation reaction is used in which the presence of anti- 
bodies or antigens is determined by adding comple- 
ments to test blood, and by observing whether the 
15 complements react with antigens or antibodies in the 
blood and fix to the cell membranes of the antigens or 
antibodies, or destroy the cell membranes. 
[0010] In the treatment of diseases caused by micro- 
organisms or the like, as described above, adequate 
20 treatment can be conducted by finding pathogens in an 
early stage through the microbiological examinations 
described above, and the patient can be led to recovery 
without worsening of the condition of a desease. 
[0011] However, with methods such as smeartest, 
25 Staining, and microscopy, the detection of microorgan- 
isms is often difficult depending on their quantities, and 
time-consuming treatment such as the culture of speci- 
mens on an agar medium must be conducted as 
required. Also in the virus serological test, since meas- 
30 urements must usually be performed during both the 
acute stage and the convalescent stage for determina- 
tion from the changes in the quantities of antibodies, 
there is the problem of time consuming from the point of 
view of prompt diagnosis. 
35 [0012] Therefore, as seen in complement fixation 
reaction described above, when a substance to be 
sensed reacts with a catching substance which catches 
the substance to be sensed by reacting only with spe- 
cific substance to be sensed, microorganisms, the mass 
40 of the catching substance increases by the mass of the 
substance to be sensed, even slightly, and considering 
such a fact, the detection of pathogens is considered to 
be possible by the measurement of such a change in 
the mass. Such an increase in the mass similarly occurs 
45 in the relationship between a catching substance and a 
chemical substance such as a specific gaseous sub- 
stance and a smell component, and also applies to the 
case where a substrate itself without change in the 
mass is a catching substance, on which a specific sub- 
so stance is deposited or added. On the contrary, when a 
reaction in which a substance to be sensed caught by a 
catching substance or the like is released occurs, the 
mass of the catching substance or the like slightly 
decreases. 

55 [001 3] As an example of a method for sensing change 
in such a small mass, US Patent No. 4789804 discloses 
in Figure 22 thereof a mass sensor 80 comprising a 
quartz oscillator 81 and electrodes 82, 83 facing the 
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quartz oscillator 81. When any substance adheres 
externally on these electrodes 82, 83, the mass sensor 
80 senses change in their mass using change in the 
resonant frequency of the thickness slip oscillation 
(shear mode) of the quartz oscillator 81 In the direction 
of the surface of the electrodes. Since such a mass sen- 
sor 80 measures change in resonant frequency basi- 
cally caused by change in the mass load on the quartz 
oscillator 81 , such a mass sensor 80 Is considered to be 
able to be used also as a thickness meter for measuring 
the thickness or the growth of a vapor-deposited film, or 
a moisture meter. 

[0014] However, when such a quartz oscillator 81 is 
used, since the part on which an external substance 
adheres and the part for detecting resonant frequency 
are In the same location, for example, the resonant fre- 
quency becomes unstable because piezoelectric prop- 
erties of the quartz oscillator 81 itself vary due to the 
temperature of the specimen or change in temperature. 
Also, if the specimen Is a conductive solution, and when 
the mass sensor 80 is immersed unprotected in the 
specimen, short-circuit between electrodes 82, 83 may 
occur. Therefore, the mass sensor 80 must always be 
subjected to Insulation such as resin coating. 
[0015] Furthermore, various vibratory gyro sensors 
are disclosed in International Patent Application 
JP97/01094 in accordance with the Patent Cooperation 
Treaty, and their structures resemble the double-headed 
mass sensor of the present invention described below 
in appearance. Difference between such vibratory gyro 
sensor and the double-headed mass sensor of the 
present invention will be compared in the description of 
the embodiments of the double-headed mass sensor of 
the present invention. 

Disclosure of the Invention 

[0016] The present invention alms to improve the 
properties of the mass sensor as described above. 
[0017] According to the present invention, there Is pro- 
vided as a first double-headed mass sensor, a double- 
headed mass sensor characterized in that between a 
first connecting plate joined to a first diaphragm at 
respective sides and a second connecting plate joined 
to a second diaphragm at respective sides, a resonating 
portion comprising the first connecting plate, the second 
connecting plate, the first diaphragm, the second dia- 
phragm, and a first sensing plate, and a main element 
being provided on at least one plane surface of the first 
sensing plate, bridged in the direction perpendicular to 
the joining direction of each of said connecting plates 
and each of said diaphragms, is joined to a sensor sub- 
strate at at least a part of sides of said first connecting 
plate and said second connecting plate. 
[001 8] Here, the main element is preferably split in the 
direction perpendicular to the joining direction of the first 
sensing plates and each of the connecting plates. 
[0019] A part of sides of the first connecting plate 



joined to the sensor substrate means more specifically 
the sides of the first connecting plate is a face that oppo- 
sites to the joining surface with the first diaphragm, and 
this is the same for the second connecting plate. That is, 

5 the diaphragms are joined to the sensor substrate via 
respective connecting plates. Such a mode of joining 
between each of the connecting plates and the sensor 
substrate is common to the double-headed mass sen- 
sor of the present invention to be described below. Also 

70 in the first double-headed mass sensor, the first sensing 
plate may be joined to the sensor substrate, or. a gap 
may be provided between the first sensing plate and the 
sensor substrate. Such a mode of providing the first 
sensing plate is similarly applied to every sensing plate 

75 in other double-headed mass sensors described below. 
[0020] Also according to the present invention, there 
is provided as a second double-headed mass sensor, a 
double-headed mass sensor characterized in that a first 
connecting plate is joined to a first diaphragm and a 

20 second connecting plate is joined to a second dia- 
phragm at respective sides, said first connecting plate is 
positioned between a first sensing plate and a second 
sensing plate, said second connecting plate is posi- 
tioned between said first sensing plate and a third sens- 
es ing plate, so that the respective sides are joined to each 
other, and a resonating portion comprising the first con- 
necting plate, the first diaphragm, the second connect- 
ing plate, the second diaphragm, the first sensing plate, 
the second sensing plate, the third sensing plate, a 

30 main element provided on a part of at least one plane 
surface of said first sensing plate, and/or a subsidiary 
element provided on at least a part of the plane surface 
of at least one of said second sensing plate and said 
third sensing plate, is joined to a sensor substrate at at 

35 least a part of sides of said respective connecting 
plates. 

[0021] Here, the main element and/or subsidiary ele- 
ment may be split in the direction perpendicular to the 
joining direction of each of the sensing plates and each 

40 of the connecting plates. 

[0022] In both the first and second double-headed 
mass sensors, there is preferably adopted the structure 
in which the direction of the extension of the center line 
equally dividing the plane surface of the first sensing 

45 plate and perpendicular to the joining direction of the 
first sensing plate and each of the connecting plates is 
parallel to the joining direction of the first connecting 
plate and said first diaphragm, and the joining direction 
of the second connecting plate and the second dia- 

50 phragm. and the resonating portion has a shape sym- 
metrical about the center line. When the double-headed 
mass sensor is immersed In electrically conductive 
solution in use, an each diaphragm is immersed in the 
electrically conductive solution. In order that the main 

55 element or subsidiary element is not immersed in the 
electrically conductive solution, it is preferable to pro- 
vide a position sensor consisting of a pair of electrodes 
on said sensor substrate at the central position between 
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each of said diaphragms and said main element. 
[0023] Furthermore, according to the present inven- 
tion, there is provided as a third double-headed mass 
sensor, a double-headed mass sensor characterized in 
that a side of each diaphragm is joined to a side of each 
connecting plate so that a first diaphragm is sandwiched 
between a first connecting plate and a second connect- 
ing plate, and a second diaphragm is sandwiched 
between a third connecting plate and a fourth connect- 
ing plate; a first sensing plate is bridged across said first 
connecting plate and said third connecting plate, and a 
second sensing plate is bridged across said second 
connecting plate and said fourth connecting plate; and a 
resonating portion comprising the first connecting plate, 
the first diaphragm, the second connecting plate, the 
second diaphragm, the third connecting plate, the fourth 
connecting plate, the first sensing plate, the second 
sensing plate, and a main element provided on at least 
one plane surface of each of said sensing plates, is 
bridged across the gap between the sides of a sensor 
substrate facing to each other joining at least a part of 
the side of each of said connecting plates to the sides of 
the sensor substrate. 

[0024] Here, the main element may preferably be split 
in the direction perpendicular to the joining direction of 
each of the sensing plates and each of the connecting 
plates. 

[0025] Moreover, according to the present invention, 
there is provided as a fourth double-headed mass sen- 
sor, a double-headed mass sensor characterized in that 
a side of each diaphragm is Joined to a side of each con- 
necting plate so that the first diaphragm is sandwiched 
between a first connecting plate and a second connect- 
ing plate, and the second diaphragm is sandwiched 
between a third connecting plate and a fourth connect- 
ing plate; each of said connecting plates is joined at the 
respective sides so that said first connecting plate is 
positioned between a first sensing plate and a third 
sensing plate, said third connecting plate is positioned 
between said first sensing plate and a fourth sensing 
plate, said second connecting plate is positioned 
between a second sensing plate and a fifth sensing 
plate, and said fourth connecting plate Is positioned 
between said second sensing plate and a sixth sensing 
plate; a resonating portion comprising the first connect- 
ing plate, the first diaphragm, the second connecting 
plate, the second diaphragm, the third connecting plate, 
the fourth connecting plate, the first sensing plate, the 
second sensing plate, the third sensing plate, the fourth 
sensing plate, the fifth sensing plate, the sixth sensing 
plate, main elements provided on at least a part of at 
least one plane surface of said first sensing plate and 
said second sensing plate, and/or subsidiary elements 
provided on at least a part of at least one plane surface 
of one or more of said third sensing plate, said fourth 
sensing plate, said fifth sensing plate, and said sixth 
sensing plate, is bridged across the gap between the 
sides of a sensor substrate facing to each other joining 



at least a part of the side of each of said connecting 
plates to the sides of the sensor substrate. 
[0026] Here, it is also preferable that each of the main 
elements an/or each of the subsidiary elements are split 
5 in the direction perpendicular to the joining direction of 
each of the sensing plates and each of the connecting 
plates. 

[0027] In the above third and fourth double-headed 
mass sensors, it is preferable that the center line equally 

10 dividing the plane surface of the first sensing plate and 
perpendicular to the joining direction of the first sensing 
plate to the first connecting plate and the third connect- 
ing plate coincides with the center line equally dividing 
the plane surface of the second sensing plate and per- 

15 pendicular to the joining direction of the second sensing 
plate to the second connecting plate and the fourth con- 
necting plate; the direction of the extension of the center 
line is parallel to the direction where the first connecting 
plate and the second connecting plate sandwich the first 

20 diaphragm, and the direction where the third connecting 
plate and the fourth connecting plate sandwich the sec- 
ond diaphragm; and the resonating portion is consti- 
tuted to have a shape symmetrical about each of the 
center line, and the line orthogonal to the center line 

25 and passing through the centers of the first diaphragm 
and the second diaphragm. 

[0028] Furthermore, in all of the first to fourth double- 
headed mass sensors, a piezoelectric element consist- 
ing of a first electrode, a second electrode, and a piezo- 

30 electric film is preferably used as each of the main 
elements and/or each of the subsidiary elements, and 
as the structure thereof, a laminated structure in which 
the piezoelectric film is sandwiched between the first 
electrode and the second electrode, or a structure in 

35 which a comb-shaped electrode consisting of the first 
electrode and the second electrode facing to each other 
on the plane surface of the piezoelectric film or between 
the piezoelectric film and a sensing plate on which the 
piezoelectric film is provided, or a structure in which the 

40 piezoelectric film Is provided in the gap between the first 
electrode and the second electrode forming the comb- 
shaped electrode, Is preferably adopted. When a sub- 
sidiary element is provided, it is preferable that the 
direction of polarization of the piezoelectric film in each 

45 of the main elements Is opposite to the direction of 
polarization of the piezoelectric film in each of the sub- 
sidiary elements. As the material for the piezoelectric 
film, a material consisting mainly of lead zirconate. lead 
titanate, and lead magnesium niobate is preferably 

50 used. It is also preferable that the available electrode 
area of the piezoelectric element is adjusted by remov- 
ing a part of the first electrode and/or the second elec- 
trode with laser processing or machining. 
[0029] The term "piezoelectric" used herein includes 

55 piezoelectricity and electrostrictivity, and for example, 
piezoelectric ceramics Include electrostrictive ceramics. 
[0030] Furthermore it is preferable that each of the 
diaphragms, each of the connecting plates, and each of 
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the sensing plates form the same plane surface through 
joining to each other, and that each of the sensing 
plates is fitted in and joined to the concave portion 
formed by each of the connecting plates and the sensor 
substrate. For this purpose, it Is preferable that each of 
the diaphragms, each of the connecting plates, and 
each of the sensing plates are Integrally formed from a 
vibration plate, and the sensor substrate is integrally 
formed by laminating the vibration plate and a base 
plate. 

[0031] In addition to the above, it is preferable that 
spring plates are joined on a plane surface in the same 
direction of each of the connecting plates, or on both 
plane surfaces of each of the connecting plates, and 
each of the spring plates is joined to the sensor sub- 
strate or a spring plate reinforcing member. Here, it is 
preferable for improving mechanical reliability and tem- 
perature properties that each of the spring plates is inte- 
grally formed with an- intermediate plate which is 
integrally formed between the diaphragm and the base 
plate, or integrally formed with the spring plate reinforc- 
ing member integral with the diaphragm, and formed 
also integrally with each of the connecting plates, and 
that each of them is made to have a structure not 
adhered with adhesives or the like. Furthermore, when 
such spring plates are provided, the structure compris- 
ing a reinforcing plate adhered to each of the spring 
plates, and joined to the sensor substrate is also prefer- 
ably adopted. Such a reinforcing plate is also preferably 
formed integrally with each of the spring plates and the 
sensor substrate. 

[0032] Also, by applying a catching substance, which 
reacts only with a substance to be sensed and catches 
the substance to be sensed, to the surface of at least 
one of the first diaphragm and the second diaphragm, or 
to at least a part of the surface of the resonating portion, 
the mass sensor can be preferably used, for example, 
as an Immunosensor. Here, if electrode leads electri- 
cally connected to each of the main elements and/or 
each of the subsidiary elements, and electrodes form- 
ing each of the main elements and/or each of the sub- 
sidiary elements are insulated by an insulation coating 
layer consisting of a resin or glass, the mass sensor can 
be used in an electrically conductive solution without 
hindrance. Further, as the Insulation coating material, 
the resin is more preferable than glass, and in particular, 
a fluorocarbon resin or a silicone resin is suitably used. 
Moreover, it is preferable for minimizing noise such as 
external electromagnetic waves, that at least a part of 
the surface of the insulation coating layer is coated by a 
shield layer consisting of a conductive material. 
[0033] Further, stabilized zirconia or partially stabi- 
lized zirconia is suitably used as a material for each of 
the sensor substrates, each of the diaphragms, each of 
the connecting plates, each of the sensing plates, each 
of the spring plates, and the spring plate reinforcing 
member and the reinforcing plate, and it is preferable 
that the shapes of any of each of the diaphragms, each 



of the connecting plates, each of the sensing plates, 
and each of the spring plates are dimensionally 
adjusted by trimming with laser processing or machin- 
ing. 

5 [0034] Next, according to the present invention, there 
is provided a method for sensing a mass with a double- 
headed mass sensor in which connecting plates are 
joined to each of two diaphragms at respective sides, 
and a sensing plate on which a main element or a sub- 

10 sidiary element is provided as required bridges between 
said connecting plates, or sandwiches said connecting 
plates, and at least a part of the side of said connecting 
plate is joined to a sensor substrate, characterized in 
measuring with said element the resonant frequency of 

15 the resonating portion of said double-headed mass sen- 
sor on the basis of at least either one of: the bendlng- 
mode oscillation(vibration) in which said diaphragm, 
making the face where said connecting plate is joined to 
said sensor substrate the fixed face, bends in the direc- 

20 tion perpendicular to a vertical axis passing through the 
center of said fixed face vertically, and in the direction 
perpendicular to the plane surface of said diaphragm; 
the axial rotation-mode oscillation (vibration) in which 
said diaphragm makes rotational oscillation (vibration) 

25 around said vertical axis making said vertical axis the 
central axis; the e-mode swing oscillation (vibration) In 
which said diaphragm makes pendulum-like oscillation 
(vibration) centered on said vertical axis In the direction 
perpendicular to the side of said diaphragm and also 

30 perpendicular to said vertical axis; or the <|>-mode swing 
oscillation (vibration) in which said diaphragm makes 
pendulum-like oscillation (vibration) centered on said 
vertical axis with the swing In the direction perpendicu- 
lar to the side of said diaphragm and also perpendicular 

35 to said vertical axis accompanied by the swing in the 
direction parallel to the side of said diaphragm. 
[0035] Such a method for sensing a mass with a dou- 
ble-headed mass sensor is preferably adopted as a 
method for sensing a mass using the first and second 

40 double-headed mass sensors described above. 

[0036] Furthermore, according to the present inven- 
tion, there is provided a method for sensing a mass with 
a double-headed mass sensor in which each of two dia- 
phragms is joined so as to be sandwiched by connect- 

45 ing plates at respective sides, a sensing plate on which 
a main element or a subsidiary element Is provided as 
required bridges between said connecting plates, or 
sandwiches said connecting plates, and at least a part 
of the side of said connecting plate is joined to the sides 

50 facing to each other across the gap (or space) in the 
sensor substrate, characterized in measuring with said 
element the resonant frequency of the resonating por- 
tion of said double-headed mass sensor on the basis of 
either one of: the axial rotation-mode oscillation (vibra- 

55 tion) in which said diaphragm, making the face where 
said connecting plate is joined to said sensor substrate 
the fixed face, makes rotational oscillation (vibration) 
around said vertical axis passing through the center of 
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said fixed face vertically while making said vertical axis 
the central axis; the T]-mode surface rotational oscilla- 
tion (vibration) in which said diaphragm makes rota- 
tional oscillation (vibration) around the center of said 
diaphragm in the plane surface of said diaphragm; the 5 
(|)-mode swing oscillation (vibration) in which said dia- 
phragm makes pendulum-like oscillation (vibration) cen- 
tered on said vertical axis with the swing in the direction 
perpendicular to the side of said diaphragm and also 
perpendicular to said vertical axis accompanied by the w 
swing in the direction parallel to the side of said dia- 
phragm; or the monoaxial-mode reciprocal oscillation 
(vibration) in which said diaphragm oscillates (vibrates) 
reciprocally in the plane surface of said diaphragm in 
the direction orthogonal to said vertical axis. 75 
[0037] Such a method for sensing a mass with a dou- 
ble-headed mass sensor is preferably adopted as a 
method for sensing a mass using the third and fourth 
double-headed mass sensors described above. 
[0038] In the two methods for sensing a mass with a 20 
double-headed mass sensor, the method in which by 
obtaining difference between two resonant frequencies 
produced by the fact that the masses of one diaphragm 
and the connecting plate joined to the diaphragm do not 
change, and the masses of the other diaphragm and the 25 
connecting plate joined to the other diaphragm change, 
change in the masses of the other diaphragm and the 
connecting plate joined to the other diaphragm Is 
sensed, is preferably adopted. 

[0039] As described above, the double-headed mass 30 
sensor of the present invention has features that 
change in a minute mass occurring In the resonating 
portion can be known exactly and quickly from a con- 
crete value of change in the resonant frequencies of the 
resonating portion, the measuring operation is easy, 35 
and the measuring accuracy is high. 
[0040] In addition, the double-headed mass sensor 
can measure various physical values by placing it In the 
environment where resonance frequency of the reso- 
nating portion including the diaphragms is changed. For 40 
example, it can be employed in a thickness meter for 
vapor-deposited films and a dew indicator utilizing direct 
changes in the mass of a diaphragm; and a vacuum 
gauge, a viscosity meter, and a temperature sensor uti- 
lizing the environment in which the sensor is placed, 45 
such as the degree of vacuum, viscosity, or tempera- 
ture; and especially, it can be preferably employed to 
detect the presence of a substance to be sensed and to 
measure the mass of the substance by applying a 
catching substance that reacts specifically with the sub- so 
stance to be sensed, such as microorganisms, chemical 
substances, or the like in specimens and utilizing 
changes in its mass. 



Brief Description of the Drawings 
[0041] 

Figure 1 is a plan view showing an embodiment of 
a double-headed mass sensor of the present inven- 
tion; 

Figure 2 is a plan view showing another embodi- 
ment of a double-headed mass sensor of the 
present invention; 

Figure 3 is a plan view showing still another embod- 
iment of a double-headed mass sensor of the 
present invention; 

Figure 4 is a perspective view showing an embodi- 
ment of a piezoelectric element formed in a double- 
headed mass sensor of the present invention; 
Figure 5 is a perspective view showing another 
embodiment of a piezoelectric element formed in a 
double-headed mass sensor of the present inven- 
tion; 

Figure 6 is a perspective view showing still another 
embodiment of a piezoelectric element formed in a 
double-headed mass sensor of the present inven- 
tion; 

Figure 7 is an explanatory diagram of the oscillation 
modes of a double-headed mass sensor of the 
present invention, (a) being an explanatory diagram 
of e-mode swing oscillation, and (b) being an 
explanatory diagram of (|)-mode swing oscillation; 
Figure 8 is a plan view of still another embodiment 
of a double-headed mass sensor of the present 
invention In which the shape of the diaphragm is 
changed; 

Figure 9 is an explanatory diagram showing a form 
of change in resonant frequencies when a double- 
headed mass sensor of the present invention is 
used; 

Figure 10 Is an explanatory diagram showing 
another form of change in resonant frequencies 
when a double-headed mass sensor of the present 
invention is used; 

Figure 1 1 shows still another embodiment of a dou- 
ble-headed mass sensor of the present Invention, 
(a) being a plan view, and (b) to (e) being sectional 
views; 

Figure 12 is an explanatory diagram related to the 
driving of a double-headed mass sensor of the 
present invention; 

Figure 13 shows still another embodiment of a dou- 
ble-headed mass sensor of the present invention, 
(a) being a plan view, and (b) being a sectional 

view; 

Figure 14 Is a plan view showing still another 
embodiment of a double-headed mass sensor of 
the present invention; 

Figure 15 shows still another embodiment of a dou- 
ble-headed mass sensor of the present invention, 
(a) being a plan view, and (b) to (d) being sectional 
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views; 

Figure 16 is a plan view stiowing still another 
embodiment of a double-headed mass sensor of 
the present invention; 

Figure 17 is a plan view showing still another 5 
embodiment of a double-headed mass sensor of 
the present invention; 

Figure 18 is a plan view showing still another 
embodiment of a double-headed mass sensor of 
the present invention; 

Figure 1 9 is a plan view showing an embodiment of 
the various shapes of green sheets used for fabri- 
cating a double-headed mass sensor of the present 

invention; 

Figure 20 is an explanatory diagram related to the 
establishment of a diaphragm in a double-headed 
mass sensor of the present invention; 
Figure 21 is an explanatory diagram showing an 
example of a method for processing a piezoelectric 
element of a double-headed mass sensor of the 
present invention; 

Figure 22 is a sectional view showing a basic struc- 
ture of a conventional mass sensor; 
Figure 23 is a perspective view showing a structure 
of a quartz oscillator of a conventional quartz fric- 
tion vacuum gauge; 

Figure 24 is a perspective view showing an embod- 
iment of a conventional osciilation gyro sensor; and 
Figure 25 is a perspective view showing another 
embodiment of a conventional oscillation gyro sen- 
sor 

Best Mode for Carrying Out the Invention 

[0042] The double-headed mass sensor of the 
present invention will be described below referring to 
drawings, in particular focussing on a mass sensor used 
by applying a catching substance that reacts only with 
and catches a substance to be sensed to the dia- 
phragm. 

[0043] However, since the present invention is used in 
many other applications as described above, the 
present invention Is not in any way limited to the embod- 
iments described below. 

[0044] Figure 1 is a plan view showing an embodiment 
of the first double-headed mass sensor 25. The double- 
headed mass sensor 25 is characterized in that 
between a first connecting plate 22A joined to a first dia- 
phragm 21 A at respective sides and a second connect- 
ing plate 22B joined to a second diaphragm 218 at 
respective sides, a first sensing plate 41 A. on which a 
main element 44 is provided on at least one plane sur- 
face, is bridged, and a resonating portion comprising 
each of said diaphragms 21 A. 21 B. each of the connect- 
ing plates 22A. 22B, the first sensing plate 41 A. and the 
main element 44 Is joined to a sensor substrate 27 at at 
least a part of sides of said first connecting plate 22A 
and said second connecting plate 22B. 



[0045] Here, a diaphragm means the place to cause 
or to be subject to change in mass, and is an element 
that oscillates in various modes as described later; a 
connecting plate means an element to connect the dia- 
phragm, sensor substrate, and sensing plate; and a 
sensing plate means an element that is deformed by the 
movement of the diaphragm, and transmits the strain to 
the sensing element, such as a piezoelectric element, 
installed on the surface, or on the contrary, transmits 
strain or osciilation generated by a driving element, 
such as a piezoelectric element, to the diaphragm. The 
sensor substrate means an element to support the res- 
onating portion, carry various electrode terminals for 
connecting to measuring instruments, and is used for 
handling in actual uses. Although only one sensing 
plate is used in the double-headed mass sensor 25. it is 
referred to as the first sensing plate 41 A in order to use 
the same expression as each sensing plate in other 
double-headed mass sensors described later. 
[0046] In this double-headed mass sensor 25, the first 
sensing plate 41 A is also joined to the sensor substrate 
27. Also, there is provided a resonating portion having 
the shape in which the direction of the extension of the 
center line, that is the Y axis, dividing the plane surface 
of the first sensing plate 41 A into two equal parts and 
perpendicular to the bridging direction of the first sens- 
ing plate 41 A to each of the connecting plates 224, 22B 
is parallel to the Y1 axis, that is the joining direction of 
the first connecting plate 22A and the first diaphragm 
21 A, and the Y2 axis, that is the joining direction of the 
second connecting plate 22B and the second dia- 
phragm 21 B, and symmetrical about the Y axis. Further- 
more, the structure formed from dividing elements 43A, 
43B which divide the main element 44 into the sensor 
substrate 27 side and diaphragms 21 A and 21 B side is 
preferably adopted. 

[0047] A position sensor 28 consisting of a pair of 
electrodes is provided on the sensor substrate 27 at the 
middle location between each of diaphragms 21 A. 21 B 
and the main elements 44. This position sensor 28 is 
suitably used in applications in which when the double- 
headed mass sensor 25 is immersed in an electrically 
conductive solution, the main element 44 is made not to 
be immersed in the solution even if the diaphragms 21 A. 
21 B are Immersed. Therefore, when the entire double- 
headed mass sensor 25 is immersed in an electrically 
conductive solution, or used in a gaseous atmosphere, 
the position sensor 28 is not necessarily required, and 
when the position sensor 28 is not provided, the sensor 
substrate 27 having the concave channel 23 as shown 
in Figure 1 is not required. 

[0048] Further, when the entire double-headed mass 
sensor 25 is immersed in an electrically conductive 
solution, electrode leads connected to the main element 
44 and the electrode constituting the main element 44 
must be coated with an insulation coating layer made of 
glass or a resin. This will be described later in detail 
referring to specific examples. 
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[0049] Next, Figure 2 (a) is a plan view showing an 
embodinfient of a second double-headed mass sensor 
40A. A first connecting plate 22A is joined to a first dia- 
phragm 21 A, and a second connecting plate 22B is 
joined to a second diaphragm 21 B at the respective 5 
sides, so that the first connecting plate 22A is located 
between a first sensing plate 41 A and a second sensing 
plate 418, and the second connecting plate 228 is 
located between a first sensing plate 41 A and a third 
sensing plate 41 C, so that the respective sides are 70 
joined to each other. A main element 44 is provided on 
at least one plane surface of the first sensing plate 41 A, 
and a resonating portion comprising the diaphragms 
21 A, 218, the connecting plates 22A, 228, the sensing 
plates 41 A, 41 8, 41 C, and the main element 44 is joined 75 
to the sensor substrate 27 at a part of the side of each 
of the connecting plates 22A, 228 to constitute the dou- 
ble-headed mass sensor 40A. 
[0050] Each of sensing plates 41 A, 418, and 41C is 
joined to the sensor substrate 27 as in the double- 20 
headed mass sensor 25. Also, there is provided a reso- 
nating portion having the shape in which the extension 
of the direction of the center line, that is the Y axis, divid- 
ing the plane surface of the first sensing plate 41 A into 
two equal parts and perpendicular to the bridging direc- 25 
tion of the first sensing plate 41 A to each of the connect- 
ing plates 22A, 228 is parallel to the Y1 axis, that is the 
joining direction of the first connecting plate 22A and the 
first diaphragm 21 A, and the Y2 axis, that is the joining 
direction of the second connecting plate 228 and the 30 
second diaphragm 218. and symmetrical about the Y 
axis. Further, a position sensor 28 is provided on the 
sensor substrate 27. 

[0051] Here, also in the double-headed mass sensor 
40A, as in the double-headed mass sensor 25, the main 35 
element 44 may be formed from divided elements 43A, 
438 divided in the direction perpendicular to the Y axis, 
which is the joining direction of sensing plates 41 A 
through 41 C and connecting plates 22A. 228, that is the 
X axis. Also, It is preferable to provide subsidiary ele- 40 
ments 42A and 428 on at least one of plane surfaces of 
each of the second sensing plate 418 and the third 
sensing plate 41 C. Thus, when the subsidiary elements 
42A and 428 are provided, the subsidiary elements 42A 
and 428 may be formed from divided elements as in the 45 
main element 44. 

[0052] However, even when the second sensing plate 
418 and the third sensing plate 41 C are provided, the 
subsidiary elements 42A and 428 are not always 
required to provide. This is because the subsidiary ele- so 
ments 42A and 428 are used for the measurement of 
resonant frequencies in specific measurement condi- 
tions as described later, and because the second sens- 
ing plate 418 and the third sensing plate 41 C have the 
effect to prevent the rotation of each of the connecting 55 
plates 22A, 228 about the Y1 axis and the Y2 axis. 
[0053] On the other hand, it is also possible to use 
only the subsidiary elements 42A and 428, without 



using the main element 44. For example, as also 
described in the using method described later, when the 
main element 44 is used for measurement, twin peaks, 
In which a resonant peak is split, may occur. In this 
case, when the peaks are separated sufficiently, it is 
easy to read the resonant frequencies from each of the 
peaks, while when the peaks are close to each other, it 
is difficult to separate the peaks resulting in the problem 
of erroneous reading of the resonant frequencies. 
[0054] If such a case is estimated, measurement with 
the subsidiary elements 42A and 428, without using the 
main element 44. has the advantage of easy determina- 
tion because difference in intensities appears dearly 
even if the peak values approach to each other. Also if 
only the subsidiary elements 42A and 428 are used, as 
the double-headed mass sensor 408 shown in Figure 2 
(b), it Is preferable to provide the subsidiary elements 
42A and 428 without using the main element 44, 
because the rigidity of the portion of the first sensing 
plate 41 A lowers facilitating the vibration of the dia- 
phragms 21 A, 21 8. and increasing the peak intensity. In 
this case, one or more slits parallel to the Y-axis direc- 
tion (see Figure 2 (a)) may be provided on the first sens- 
ing plate 41 A. Further, when the subsidiary elements 
42A and 428 are provided, it Is needless to say that the 
subsidiary elements 42A and 428 are the constituting 
elements of the resonating portion, 
[0055] In double-headed mass sensors 40A, 408, it is 
very preferable for higher sensitivity that sensing plates 
41 A, 418. and 41 C are fitted in three concave portion 
24A, 248, and 24C formed by the connecting plates 
22A, 228 and the sensor substrate 27, respectively. 
However, as in the double-headed mass sensor 45 
shown in Figure 3, it can be used corresponding to the 
required sensitivity even if the first sensing plate 41 A is 
not joined to the sensor substrate 27, and a gap 46A is 
provided between the first sensing plate 41 A and the 
sensor substrate 27. Such a gap 46A may be formed 
similarly for the double-headed mass sensor 25. 
[0056] Also, although the second and third sensing 
plates 41 8, 41 C must be joined to the connecting plates 
22A, 228 and sensor substrate 27 at the left and right 
sides for producing strain when receiving stress from 
diaphragms 21 A, 218 or the like, gaps 468 may be pro- 
vided without joining to the sensor substrate 27 at the 
lower side thereof. When such gaps 46A, 468 are pro- 
vided, however, since a part of stress applied to the 
sensing plates 41 A, 418, and 41 C is released by the 
deformation of the sensing plates 41 A, 418, and 41 C, 
there is disadvantage of poorer detection sensitivity 
than the case where the gaps 46A, 468 are not pro- 
vided. 

[0057] In the double-headed mass sensors 25, 40A, 
408, and 45, and the double-headed mass sensor 50 
described later (hereinafter collectively referred to as 
"the double-headed mass sensor 25 and the like"), the 
shape of the plane surfaces of diaphragms 21 A, 218 is 
not limited to rectangular as shown In Figures 1 to 3, but 



8 



15 



EP0 971 214 A1 



16 



various optional shapes such as circular, triangular, 
polygonal, oval, and elliptic shapes may be used, and 
they are preferably symmetrical about the Y axis. In this 
case, each of the diaphragms 21 A, 21 B may be joined 
to the respective connecting plates 22A, 22B without 
being symmetrical about the Y1 axis and Y2 axis if it is 
symmetrical about the Y axis. The freedom of the shape 
of diaphragms 21 A, 218 Is applied to all the double- 
headed mass sensors of the present Invention. 
[0058] As the main element 44 or subsidiary elements 
42A. 428 provided on the double-headed mass sensor 
25 and the like, a piezoelectric element constituted from 
a first electrode, a second electrode, and a piezoelectric 
film is suitably used. Such a piezoelectric element 
includes a piezoelectric element 1 00 having a laminated 
structure in which a first electrode 90, a piezoelectric 
film 91 , and a second electrode 92 are formed as a lam- 
inar structure as shown in Figure 4. Here, lead portions 
93 and 94 are connected to the first electrode 90 and 
the second electrode 92, respectively, and by leading 
these lead portions 93 and 94 to the bottom of the sen- 
sor substrate 27 shown in Figures 1 to 3, a terminal por- 
tion, to which measurement terminals and the like are 
connected, is formed. In Figures 1 to 3, these lead por- 
tions 93 and 94 and the terminal portion are not shown. 
[0059] Also as Figure 5 shows, a piezoelectric ele- 
ment 101 having a comb-shaped structure, in which a 
piezoelectric film 96 is provided on a sensing plate 95, 
and the first electrode 97 and the second electrode 98 
form a regular gap 99 on the piezoelectric film 96, is 
suitably adopted. Here, the first electrode 97 and the 
second electrode 98 shown in Figure 5 may be formed 
between the joining surface of the sensing plate 95 and 
the piezoelectric film 96. Furthermore, as Figure 6 
shows, there may also be used a piezoelectric element 
102 formed by embedding the piezoelectric film 96 in 
the gap between comb-shaped first electrode 97 and 
second electrode 98 formed on the sensing plate 95. If 
such comb-shaped electrodes are used as shown in 
Figures 5 and 6, the measurement sensitivity can be 
elevated by decreasing the pitch W. These piezoelectric 
elements 100-102 are suitably used in all the double- 
headed mass sensors of the present invention. 
[0060] Since the piezoelectric elements 100-102, 
which are the main element 44 or subsidiary elements 
42A, 428 provided In the double-headed mass sensor 
25 and the like, as well as each member constituting the 
resonating portion such as diaphragms 21 A, 218 in the 
double-headed mass sensor 25 and the like, the 
method and materials suitably used for forming the sen- 
sor substrate 27, are the same as In the third and fourth 
double-headed mass sensors of the present invention 
described later, these will be collectively described later 
when the method for manufacturing double-headed 
mass sensors of the present Invention Is described. 
[0061] Next, a typical oscillation mode of diaphragms 
21 A, 21 8 in the double-headed mass sensor 25 and the 
like, which is suitably adopted oscillation mode, will be 



described. The structure of the double-headed mass 
sensor 25 and the like is briefly expressed as a connect- 
ing plate is joined to each of two diaphragms at the 
respective sides, a sensing plate on which a main ele- 

5 ment or a subsidiary element is provided as required is 
bridged between the connecting plates, or provided so 
as to sandwich the connecting plates, and such con- 
necting plates and such sensing plates are joined to a 
sensor substrate. Since the oscillation mode of each of 

70 the diaphragms 21 A, 21 B is the same as the oscillation 
mode of the first diaphragm 21 A and the second dia- 
phragm 21 8. It will be described referring to Figure 2 
using the first diaphragm 21 A as an example. 
[0062] The first oscillation mode is the vending mode 

15 oscillation in which the first diaphragm 21 A bends on 
the joining face of the first connecting plate 22A and the 
sensor substrate 27 as the fixed face. In the direction 
perpendicular to the Y1 axis, which is the vertical axis 
vertically passing through the center of this fixed face, 

20 and perpendicular to the plane surface of the first dia- 
phragm 21 A (Z-axis direction, not shown in Figure 2); 
the second oscillation mode is the oscillation of the axial 
rotation mode in which the first diaphragm 21 A makes 
rotational oscillation around the Y1 axis as the central 

25 axis. 

[0063] The third oscillation mode is the e-mode swing 
oscillation in which the first diaphragm 21 A makes pen- 
dulum-like oscillation making this Y1 axis as the central 
axis, in the direction perpendicular to the side of the first 

30 diaphragm 21 A, and in the X-axis direction which Is the 
direction perpendicular to the Y1 axis. 
[0064] The fourth oscillation mode is the (|>-mode 
swing oscillation in which the first diaphragm 21 A 
makes pendulum-like oscillation making the Y1 axis as 

35 the central axis, in the direction perpendicular to the 
side of the first diaphragm 21 A, and the swing toward 
the X axis which is perpendicular to the Y1 axis accom- 
panies the swing in the direction parallel to the side of 
the first diaphragm 21 A (Z axis, not shown in Figure 2). 

40 It is preferable to measure the resonant frequencies of 
the resonating portion based on any of these four oscil- 
lation modes using the main element 44, and as 
required, together with subsidiary elements 42A, 428. 
[0065] These various displacement modes mean that 

45 the direction of the displacement of the diaphragm 21 A 
Is dominant in the directions described above, but do 
not mean that the directional components other than 
those in the described directions is completely elimi- 
nated. This is also applied to referring to displacement 

50 modes in the description of various embodiments. 
[0066] Here, the above 6-mode and (|)-mode will be 
described in further detail. Figure 7 (a) is a plan view for 
illustrating the 0-mode, and is a plan view of the first dia- 
phragm 21 A taken in the direction of the arrows along 

55 the line A-A in Figure 2, that is the X axis, from the Y- 
axis direction. The upper end surface 21 F of the first 
diaphragm 21 A is on the location PI when not vibrating. 
Here, as described above, in the 6-mode, since the first 
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diaphragm 21 A makes pendulum-like oscillation in the 
plane parallel to the plane surface of the first diaphragm 
21 A, that is the X-Y plane so as to make a certain angle 
e around the Y1 axis, in the view taken In the direction 
of the arrows along the line A-A, the movement of the 
upper end surface 21 F can be expressed as a recipro- 
cal movement between location P2 and location P3 on 
the X axis, and the mode of this reciprocal movement is 
defined as the e-mode. 

[0067] Next, Figure 7 (b) is a plan view illustrating the 
<j>-mode, and as in Figure 7 (a), it is a plan view of the 
first diaphragm 21 A taken in the direction of the arrows 
along the line A-A in Figure 2. Here also, the upper end 
surface 21 F of the first diaphragm 21 A is on the location 
PI when not vibrating. As described above, in the (t>- 
mode, the first diaphragm 21 A oscillates in the X-axis 
direction about the Y1 axis, and as apart from the Y1 
axis, the first diaphragm 21 A makes pendulum-like 
oscillation so that the swing component in the Z-axis 
direction parallel to the side of the first diaphragm 21 A 
increases. This means that the movement of the upper 
end surface 21 F viewed from the A-A direction can be 
expressed as a reciprocal oscillation between location 
P4 and location P5 on the arc orbit S passing through 
location PI making a point on the Z axis the center O. 
The angle made by the straight line connecting the first 
diaphragm 21 A to the center O and the Z axis is fy, and 
the above oscillation mode Is defined as the (t)-mode. 
[0068] When various oscillation modes described 
above are used, the double-headed mass sensor 25 Is 
advantageous for improving the dynamic range, 
because one main element 44 has two diaphragms 
21 A, 21 B in view of the first sensing plate 41 A, and the 
structure of each of the diaphragms 21 A, 21 B and each 
of the connecting plates 22A, 22B, and the first sensing 
plate 41 A and the main element 44 has a tuning fork 
shape suitable for obtaining a high Q value. 
[0069] When resonant frequencies are measured by 
immersing the diaphragms 21 A, 21 B in a liquid speci- 
men using the bending mode and the axial rotation 
mode among various oscillation modes described 
above, there is a disadvantage in that each of the dia- 
phragm 21 A, 21 B is subjected to resistance from the liq- 
uid corresponding to the area of each of the diaphragms 
21 A, 21 8, and minute change In the mass of each of the 
diaphragms 21 A, 21 B cannot be sensed. However, 
when the specimen is gaseous, the bending mode can 
be used because the resistance is small, and at this 
time, it is preferable to shorten the length of each of the 
diaphragms 21 A, 21 B In the Y-axis direction and the X- 
axis direction. 

[0070] Also in the axial rotation mode making the Y 
axis as the central axis, change in the mass of each of 
the diaphragms 21 A, 21 B on the Y1 and Y2 axes little 
affects the rotational oscillation of each of the dia- 
phragms 21 A, 21 B. That is, change in the mass of each 
of the diaphragms 21 A, 21 B in the vicinity of the Y1 and 
Y2 axes in each of the diaphragms 21 A, 21 B, which is 



the portion in which each of the connecting plates 22A, 
22B is extended to each of the diaphragms 21 A, 21 B, 
less contributes to the rotational oscillation than change 
in the mass of each of the diaphragms 21 A, 21 B at left 

5 and right ends, and when these cases are compared, 
difference in measurement sensitivity is caused. There- 
fore, the measurement error can be reduced by 
decreasing the area in the vicinity of the Y1 and Y2 axes 
by making the shape of each of the diaphragms 21 A, 

to 21 B concave to form diaphragms 29A, 29B as in the 
double-headed mass sensor 50 shown in Figure 8. At 
this time, when change in the mass is the same, It is 
preferable to shorten the dimension for reducing the 
measurement error at the adhered or caught location, 

15 and to lengthen the dimension H2 for elevating the 
dynamic range. 

[0071 ] Whereas, when the G-mode or <j)-mode is used, 
since the effect of whether the specimen is liquid or gas- 
eous can be ignored, and the effect of the location 

20 where the adhered substance adheres on each of the 
diaphragms 21 A, 21 B is small, and in a liquid or gas, the 
effect of the density or viscosity is small because each 
of the diaphragms 21 A, 21 B is thin, and moreover, the 
double-headed mass sensor resists change in tempera- 

25 ture because each of the diaphragms 21 A, 21 B are 
operated in the rigid-body mode, the double-headed 
mass sensor excels in detection sensitivity and environ- 
ment resistance. Also by shortening the dimensions H3 
and H4 shown in Figure 2, the effect of the adhered 

30 location can further be minimized. Therefore, it is prefer- 
able to use the 6-mode or (t)-mode in the double-headed 
mass sensor 25 and the like of the present invention. 
[0072] Further in the double-headed mass sensor 25 
and the like, if the main element 44 is split into upper 

35 and lower portions as shown in Figures 1 to 3 to form 
two Independent divided elements 43A and 43B, one for 
driving (exciting) and the other for sensing (receiving), 
detection accuracy (S/N ratio) can be improved com- 
pared with the use of the main element 44 without split- 

40 ting. In this case, it is preferable to use the divided 
element 43A in the diaphragms 21 A. 21 B side for driv- 
ing, and the divided element 43B in the sensor sub- 
strate 27 side for sensing, because the amplitude of 
vibration of each of the diaphragms 21 A, 21 B can be 

45 increased, and stress applied to the divided element 
43B can be increased. 

[0073] For splitting the main element 44, either a 
method for forming divided elements 43A, 43B sepa- 
rately from the beginning in the formation of the main 

50 element 44, or a method for forming divided elements 
43A, 43B by splitting the main element 44 with laser 
processing or machining may be used. 
[0074] However, in the piezoelectric element having 
comb-shaped electrodes as shown in Figure 5 or 6, 

55 since each of the divided element 43A, 43B does not 
function due to splitting, or new lead portions must be 
provided on each of the divided element 43A, 43B, if the 
latter processing method is employed, it is preferable in 
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view of the manufacturing process for avoiding such 
operations, to adopt the laminated piezoelectric ele- 
ment as shown in Figure 4. When such a laminated pie- 
zoelectric element Is used, the upper second electrode 
92, the lead portion 94 connected thereto, and the pie- 
zoelectric film 91 can be split, without splitting the lower 
first electrode 90, and the lead portion 93 connected 
thereto for using in common. Of course, the first elec- 
trode 90 and the lead portion 93 connected thereto may 
be split as the piezoelectric film 91 . 
[0075] Thus resonant frequencies can be measured 
using only the main element 44, and subsidiary ele- 
ments 42A, 42B are not necessarily required; however, 
it is especially preferable to provide the subsidiary ele- 
ments 42A, 42B for improving the Q value in the 9- 
mode. At this time, it Is preferable for Increasing the 
charge output of the piezoelectric element, to equalize 
the direction of polarization of piezoelectric films in the 
subsidiary elements 42A, 42B. and make it opposite to 
the direction of polarization of the piezoelectric film In 
the main element 44, 

[0076] Here, It is preferable also to split the subsidiary 
elements 42A, 428 as in the case where the main ele- 
ment 44 is split, and to perform driving and sensing 
using separate elements, because the effect of improv- 
ing the S/N ratio obtained by the main element 44 can 
also be obtained from the subsidiary elements 42A, 
428. 

[0077] Next, the method for using the double-headed 
mass sensor 25 and the like will be described referring 
to the double-headed mass sensor 40A used as an 
immunosensor for sensing antigens or the like as an 
example. First, an antibody that reacts with the antigen 
to be sensed and catches this antigen is applied to the 
resonating portion. At this time, the antibody is applied 
mainly to each of the diaphragms 21 A, 218. The anti- 
body may also be applied to each of the connecting 
plates 22A, 228. However, when the specimen contain- 
ing the antigen is a liquid or the like having electrical 
conductivity, It is preferable not to apply the antibody to 
sensing plates 41 A, 418, 41 C, the main element 44, or 
the subsidiary elements 42A, 428, but to coat the sur- 
face thereof with an insulation coating of a resin such as 
Teflon which is chemically stable and on which sub- 
stances are difficult to be adhered. When such an insu- 
lation coating is applied to the main element 44 and the 
subsidiary elements 42A, 428, it is preferable to apply 
the insulation coating also to the lead portions con- 
nected to the main element 44 and the subsidiary ele- 
ments 42A, 428. 

[0078] Antigen/antibody combinations include, for 
example, human serum albumln/antlhuman serum albu- 
min antibody and human immune globulin/antlhuman 
immune globulin antibody. 

[0079] The resonant frequencies of the resonating 
portion are measured using the main element 44 and, 
as required, subsidiary elements 42A, 428 under the 
condition In which the diaphragms 21 A, 218 are 



immersed in a liquid specimen, or exposed to a specific 
gas atmosphere. The resonant frequencies may be 
measured by drying the portion to which an antibody is 
applied, or the entire double-headed mass sensor 40A 
5 in a gas after the diaphragms 21 A. 21 8 are immersed In 
the liquid. 

[0080] Here, the resonant frequencies of the double- 
headed mass sensor 40A vary depending on the mass 
of each of the diaphragms 21 A, 218. That is, as Figure 

10 9 shows, the resonant frequencies Fq of the resonating 
portion in the initial state in which no antigens have 
been caught on each of the diaphragms 21 A. 21 8. and 
the resonant frequencies Fi of the resonating portion 
after the antigen has been caught, show different values 

15 depending on the mass of the caught antigen. There- 
fore, change in resonant frequencies from Fq to F^ Is 
measured by the main element 44, and further, the 
mass of antigens caught by each of the diaphragms 
21 A, 21 B can be measured by the combined use of sub- 

20 sidiary elements 42A. 428 corresponding to the condi- 
tion. 

[0081] Against such a using method, when antibodies 
are applied to one of the diaphragms 21 A, 218, for 
example to the first diaphragm 21 A, and no antibody is 

25 applied, or a non-reactive chemical substance and the 
like is applied to the other second diaphragm 218, as 
Figure 10 (a) shows, the resonant frequency based on 
each of the diaphragms 21 A, 218 is the same Fq under 
the initial condition, while by immersing the diaphragms 

30 21 A, 21 8 in the specimen, the antigens in the specimen 
are caught by the antibodies applied to the first dia- 
phragm 21 A, and the mass of only the first diaphragm 
21 A changes and only the resonant frequency caused 
by the first diaphragm 21 A shifts causing F^ to appear, 

35 and a twin-peak type curve having peaks at frequencies 
Fq and F^ is shown. By obtaining the difference in reso- 
nant frequencies, AF, showing the two peaks at this 
time, change In the mass of the first diaphragm 21 A can 
be measured easily. 

40 [0082] Whereas, if a certain antibody Is applied to one 
of the diaphragms 21 A, 21 B. for example to the first dia- 
phragm 21 A, and an antibody different from the anti- 
body applied to the first diaphragm 21 A is applied to the 
other second diaphragm 21 B, as Figure 10 (b) shows. 

45 the resonant frequency based on each of the dia- 
phragms 21 A, 218 is the same Fq under the initial con- 
dition, while by Immersing the diaphragms 21 A, 218 in 
the specimen, a certain antigen in the specimen is 
caught by the antibody applied to the first diaphragm 

50 21 A, and the other antigen contained in the specimen Is 
caught by the antibody applied to the second diaphragm 
218. causing respective resonant frequencies to shift, 
and the peak at the frequency Fq disappears, but a twin- 
peak type curve having peaks at frequencies F^ and F2 

55 Is shown. By obtaining differences in resonant frequen- 
cies between initial resonant frequency Fq and the res- 
onant frequencies showing the two peaks, AF^ and AF2, 
change In the mass In each of the diaphragms 21 A. 21 8 
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can be measured. 

[0083] Thus, considering the method using either one 
of the diaphragms 21 A. 21 B as a reference sensor, or 
the method using each of the diaphragms 21 A, 21 B for 
measuring different changes In masses, it is also feasi- 
ble to measure change In the mass« which Is the major 
purpose of the mass sensor, using either one of the dia- 
phragms, and to measure the physical properties, such 
as the flow rate and temperature of the liquid specimen, 
using the other diaphragm while eliminating the effect of 
the test environment. 

[0084] Change in resonant frequencies described 
above Is not limited to the time when the mass of the 
diaphragm changes, but also occurs when the mass of 
the connecting plate or sensing plate constituting the 
resonating portion, or the mass of the main element or 
subsidiary elements changes. Therefore, depending on 
the purpose or the object of measurement, there may 
be the case where the measurement of change in the 
mass of the location other than the diaphragm is pre- 
ferred, or the using method in which antibodies or the 
like are applied to the entire resonating portion so as to 
increase the area to which antibodies or the like are 
applied, and change in the mass or the like is not neces- 
sarily required to occur only in the diaphragm. 
[0085] According to the similar principle, the double- 
headed mass sensor 25 or the like can also be used for 
measuring the reduced quantity when the mass of each 
of the diaphragms 21 A, 21 B or the resonating portion 
decreases from the Initial state. The double-headed 
mass sensor 25 and the like can be used suitably, for 
example, when applied antibodies have been peeled off 
for some reason, or when the corrosion or dissolution of 
an extremely small quantity of the material In a particu- 
lar solution applied to the diaphragms 21 A, 21 B Is to be 
checked, or for the purpose in which a particular chem- 
ical substance is applied to the diaphragms 21 A, 21 B in 
place of antibodies, and change In the quantity (evapo- 
ration, dissolution, etc.) of the chemical substance is to 
be measured. 

[0086] In the measurement of change in resonant fre- 
quencies accompanying change in the mass of each of 
the diaphragms 21 A, 21B or the resonating portion, res- 
onant frequencies of the e-mode or <t)-mode are prefera- 
bly used, as described above. For example, when an AC 
voltage is impressed to the piezoelectric film through 
the first electrode and the second electrode constituting 
the main element 44 (and subsidiary elements 42A, 
42B), expanding and contracting vibration occurs in the 
piezoelectric film due to da^ or d33, causing bending 
motion to occur in the first sensing plate 42A (and the 
second sensing plate 42B and the third sensing plate 
42C), and the vibrating angle 0 of each of the dia- 
phragms 21 A. 21 B changes corresponding to the mass 
of each of the diaphragms 21 A, 21 B, and a resonance 
phenomenon occurs at a certain frequency. Therefore, 
to check change in the resonant frequencies is to check 
whether or not the mass of each of the diaphragms 21 A, 



21 B has changed, and whether or not the substances to 
be sensed such as antigens have been caught by the 
diaphragms 21 A, 21 B can be determined. 
[0087] On the other hand, when each of the dia- 

5 phragms 21 A, 21 B Is oscillated by the external exciting 
force or the like, the movement is transmitted to each of 
the sensing plates 41 A, 41 B, 41 C, and bending/flexural 
vibration occurs in the sensing plates 41 A, 41 8, 41 C. At 
this time, if a laminated piezoelectric element 100 

10 shown in Figure 4 Is used as the main element 44 pro- 
vided on the plane surface of the first sensing plate 41 A 
(and the subsidiary element 42B on the second sensing 
plate 41 B, and the subsidiary element 42B on the third 
sensing plate 41 C), expanding and contracting vibration 

15 occurs In the piezoelectric film 91 and a constant volt- 
age or electric charge is generated on the basis of the 
electro-mechanical coupling factor k^^ (piezoelectric 
constant d3i) of the piezoelectric film 91. When the 
main element 44 (and subsidiary elements 42A, 42B) 

20 are piezoelectric elements having a comb-shaped elec- 
trode structure, for example, piezoelectric elements 
101, 102 shown In Figures 5 and 6, a constant voltage 
or electric charge is generated on the basis of k33 (d33). 
By sensing the P-P value of such a voltage, and detect- 

25 Ing the frequency when the P-P value becomes the 
maximum, the resonant frequency In the 6-mode or the 
like can be sensed, and change In the mass can be 
known. 

[0088] By providing two main elements 44 (and sub- 

30 sidiary elements 42A, 42B) on both plane surfaces of 
the first sensing plate 41 A (and the second sensing 
plate 41 B and the third sensing plate 41 C), and compar- 
ing the signals obtained, noise can be reduced, the 
effect of other oscillation modes can be eliminated, and 

35 detection sensitivity can be Improved. 

[0089] Another means for improving detection sensi- 
tivity includes the method in which the thickness of the 
diaphragms 21 A, 21 B is reduced to increase the mass 
ratio with the substance to be sensed such as antigens 

40 (the mass of the substance to be sensed/the mass of 
each of the diaphragms 21 A, 21 B), that is to Increase 
the rate of change in the mass of each of the dia- 
phragms 21 A, 21 B. Furthermore, when the thickness of 
the diaphragms 21 A, 21 B Is reduced, if the mass is not 

45 changed but the surface area Is increased, the area to 
which the catching substance such as antibodies is 
applied increases, and a larger quantity of the sub- 
stance to be sensed can be caught. Improving detection 
sensitivity. 

50 [0090] Next, a plan view of a double-headed mass 
sensor 55, which is an embodiment having a spring 
plate 47 and a spring plate reinforcing member 48 pro- 
vided In a double-headed mass sensor 40A, Is shown in 
Figure 11 (a); and various sectional views showing the 

55 providing examples of the spring plate 47 and the spring 
plate reinforcing member 48 viewed from the X-axis in 
the Y1 axis direction are shown in Figures 1 1 (b) to (e). 
The cross-sectional forms shown in Figures 1 1 (b) to (d) 
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are the same for the Y2 axis, and the X axis is the direc- 
tion orthogonal to the Y1 axis and the Y2 axis. 
[0091] The spring plate 47 is joined to at least one of 
the plane surfaces of the connecting plates 22A, 22B of 
the same orientation, and although the width thereof 5 
may be narrower than the width of each of the connect- 
ing plates 22A, 22B as shown In Figure 1 1(a), It Is pref- 
erable to make the width same as the width of each of 
the connecting plates 22A, 22B, and when the spring 
plates 47 are provided on both the plane surfaces of the 
connecting plates 22A, 228, it is preferable to make the 
shape of the spring plates 47 same as that of the con- 
necting plates 22A, 228 in view of the sensor properties 
and the manufacturing process described later. Such 
spring plates 47 are normally joined to the sensor sub- 
strate 27, and at this time, the necessity of the spring 
plate reinforcing members 48 Is determined by the loca- 
tion where each of the connecting plates 22A, 228 Is 
joined to the sensor substrate 27. 
[0092] For example, in the first connecting plate 22A, 
If the first connecting plate 22A is joined to the location 
where the spring plates 47A, 478 are directly joined to 
the sensor substrate 27 as Figures 1 1 (b) and (c) show, 
there is no need to provide the spring plate reinforcing 
member 48 separately, because the sensor substrate 
27 has also the function of the spring plate reinforcing 
member 48. At this time, only one of the spring plates 
47A, 478 may be provided on one plane surface of the 
first connecting plate 22A. 

[0093] However, if the first connecting plate 22A Is 
directly joined to an end of the sensor substrate 27 as 
Figure 1 1 (d) shows, although the sensor substrate 27 
has the function of the spring plate reinforcing member 
48 for the spring plate 47A, it is preferable to provide the 
spring plate reinforcing member 48 for the spring plate 
478 as the member to support the spring plate 478. 
Even when the first connecting plate 22A Is joined to an 
end of the sensor substrate 27 as Figure 1 1 (e) shows, 
If only the spring plate 47A which can be joined to the 
sensor substrate 27 is provided and the spring plate 
478 is not provided, the spring plate reinforcing member 
48 is not required. The second connecting plate 228 
can be considered to be the same as the first connect- 
ing plate 21 A. 

[0094] 8y thus providing the spring plates 47. the 
mechanical strength of the resonating portion can be 
enhanced. Also, this is advantageous in that the thick- 
ness of each of the diaphragms 21 A, 218 and each of 
the connecting plates 22A. 228 can be reduced, 
decreasing the attenuation of the resonant peaks in 
measurement in liquids. Furthermore, it is preferable to 
provide spring plates 47 on both the plane surfaces of 
each of the connecting plates 22A, 228, since the 
center of gravity of the spring portion consisting of the 
connecting plates 22A, 228 and the spring plates 47 
can be excited when each of the diaphragms 21 A, 218 
is excited by the main element 44, and each of the dia- 
phragms 21 A, 21 8 can easily swing In the 0-mode. 



[0095] That is, in the plan view (a) of Figure 11, the 
sectional views of the embodiments of the sectional 
views (d) and (e) in the vicinity of the connecting plate 
22A viewed from the Y1 axis direction In the X-axis are 
shown in Figures 12 (a) and (b). In Fig. 12(a), when the 
spring plates 47A, 478 are made from the same mate- 
rial and have the same shape, the main element 44 can 
excite the center 0 of the spring plate 47A, the spring 
plate 478, and the first connecting plate 22A in the X- 
axis direction, the first diaphragm 21 A and the entire 
resonating portion can easily swing in the X-axis direc- 
tion, and therefore, can easily swing In the e-mode. 
[0096] From this, when the spring plates 47A, 478 are 
adhered on both the plane surfaces of each of the con- 
necting plates 22A, 228, if the center of gravity of the 
spring portion Is on each of the connecting plates 22A. 
228, different materials and different shapes may be 
used in the spring plates 47A, 478. 
[0097] Whereas in Figure 12 (b), since the spring 
plate 47A and the center O of the first connecting plate 
22A is not on the first connecting plate 22A, although 
the rotational mode Is inhibited by the rigidity of the 
spring plate 47A itself, the driving force of the main ele- 
ment 44 in the X-axis direction (arrow S^) is added as 
the rotational force (arrow S2) for the center O, and the 
rotational mode occurs easily. 
[0098] When the spring plate 47 is provided as 
described above, as further shown in the double- 
headed mass sensor 60 of Figure 13, it is preferable to 
provide the reinforcing plate 49 joined to the spring plate 
47 and joined to the side of the sensor substrate 27. Fig- 
ure 13 (a) shows a front view of the double-headed 
mass sensor 60 viewed from the back, and Figure 1 3 (b) 
shows a sectional view of the double-headed mass sen- 
sor 60 along the X axis In Figure 13 (a) viewed in the Y- 
axls direction. Here, the reinforcing plate 49 is joined to 
the spring plates 47 A, 47C joined to connecting plates 
224, 228, respectively, and is joined to the sensor sub- 
strate 27. Furthermore, it is preferable that the reinforc- 
ing plate 49 is Integrally formed with the spring plates 
47 A, 47C and the sensor substrate 27. 
[0099] By making such a structure, since each of the 
diaphragms 21 A, 21 B resonates easily in the 9-mode 
and (|>-mode, the attenuation of the Q value decreases 
and detection sensitivity Is improved advantageously. 
Therefore, the mass sensor can be used suitably for 
measurement in a liquid. 

[0100] Furthermore, in order to further improve the 
detection sensitivity of the double-headed mass sen- 
sors 55, 60, change in the resonant frequencies of the 
resonating portion must be increased, and one of the 
means for this purpose is the method for controlling the 
mass ratio of each of the diaphragms 21 A. 21 8 and the 
spring plate 47. Detection sensitivity is improved as the 
thickness of the spring plate 47 Is reduced to decrease 
the mass, and the mass ratio to each of the diaphragms 
21 A, 218 (the mass of each of the diaphragms 21 A, 
21 8/the mass of the spring plate 47) Is Increased. 
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[0101] However, since the rigidity of the spring plate 
47 lowers as the thickness of the spring plate 47 is 
reduced to decrease the mass, it is preferable that the 
mass ratio (the mass of each of the diaphragms 21 A, 
21 B/(the mass of the spring plate 47 + the mass of each 
of the connecting plates 22A, 22B)) is made 0.1 or 
higher so that the rigidities of the spring plate 47 and 
each of the connecting plates 22A, 22B are secured 
considering the thickness and the area of each of the 
diaphragms 21 A, 218, and it is also preferable that the 
ratio Is optimized considering the area of each of the 
diaphragms 21 A, 218. 

[0102] As described in the method for manufacturing 
the double-headed mass sensor of the present inven- 
tion described later, it is preferable that the spring plate 
described above is Integrally formed with an intermedi- 
ate plate integrally inserted between a vibrating plate 
and a base plate, or integrally formed with a spring plate 
reinforcing member integrally formed with the vibrating 
plate, and also integrally formed with each of connect- 
ing plates. 

[0103] It is needless to say that such a spring plate 
can be applied to all the double-headed mass sensors 
according to the present invention in which connecting 
plates are used as the constituting members. Also, 
although the using method for double-headed mass 
sensors 55, 60 described above is the same as that of 
the double-headed mass sensor 25 and the like, when a 
catching substance such as an antibody is applied to 
each of the diaphragms 21 A, 218 and the like, the anti- 
body or the like may be applied also to the spring plate 
47 or the reinforcing plate 49. 
[0104] Next, the double-headed mass sensor 40C 
shown in Figure 14 is an embodiment in which a slit 76 
Is provided at the central portion in the length direction 
of each of the connecting plates 22A, 22B in the double- 
headed mass sensor 40A shown in Figure 2 (a). The slit 
76 is hollow, and has functions to facilitate each of the 
diaphragms 21 A, 21 B to oscillate in the O-mode and 4>- 
mode, and to make the recognition of resonant frequen- 
cies easy. It has also the function to reduce the mass of 
each of the connecting plates 22A, 22B, and to improve 
detection sensitivity. Furthermore, when the spring 
plate is provided, the spring plate may be fabricated in 
the shape having such a hollow, and may be formed, 
integrally with the connecting plate. 
[0105] Next, Figure 1 5 (a) shows a plan view of a dou- 
ble-headed mass sensor 40D which is an embodiment 
in which the double-headed mass sensor 40A shown in 
Figure 2 (a) is formed in the opening 87 of the sensor 
substrate 27; Figure 15 (b) shows a sectional view 
along the broken line A-A in Figure 15 (a). In the double- 
headed mass sensor 40D, only a main element 44 is 
provided, and electrode leads 85. 86 are connected to 
the main element 44. An insulation coating layer 77 is 
formed so as to cover the main element 44 and the elec- 
trode leads 85, 86. By this insulation coating layer 77, 
the main element 44 and the electrode leads 85, 86 are 



prevented from short-circuiting even when the resonat- 
ing portion of the double-headed mass sensor 40D is 
immersed in an electrically conductive specimen. 
[0106] Also, the double-headed mass sensor 40D has 

5 a shield layer 78 made of a conductive member formed 
so as to cover the insulation coating layer 77. The shield 
layer 78 is formed on both surfaces of the sensor sub- 
strate 27 through a through-hole 84. When sensing a 
minute mass of a 0.1 ng order, it is preferable to shield 

10 not only the wiring from the sensor substrate 27 to the 
measuring Instrument, but also wiring portions on the 
sensor substrate 27 (the main element 44 and the elec- 
trode leads 85, 86) for shielding external electromag- 
netic waves, and for minimizing the determination error 

15 of resonant frequencies. 

[0107] The forms of providing the shield layer 78 
include a form in which the shield layer 78 is formed so 
as to sandwich the sensor substrate 27 as Figure 1 5 (b) 
shows, as well as a form in which the shield layer 78 

20 surrounds only wiring portions on the sensor substrate 
27 as shown in the sectional view of Figure 15 (c), and 
the shield layer 78 shields only the upper side of the wir- 
ing portions as Figure 15 (d) shows. Among these, the 
forms to shield the entire wiring portions as Figures 15 

25 (b) and (c) show are preferable. In Figure 15 (a), 
although the shield layers 78 formed on both surfaces of 
the sensor substrate 27 are connected to each other 
through the through-hole 84, they may be connected 
using the side of the sensor substrate 27. The details of 

30 materials preferably used for forming these insulation 
coating layer 77 and shield layers 78 will be described 
later together with the materials used in the double- 
headed mass sensors. 

[0108] Next, as Figures 1 to 3, Figure 1 1 (a), or Figure 

35 14 show, the double-headed mass sensor according to 
the present invention Is not necessarily required to have 
a shape symmetrical about the Y axis, but as the dou- 
ble-headed mass sensor 65 shown in the plan view of 
Figure 1 6, the first connecting plate 52A and the second 

40 connecting plate 528 having shapes different from each 
other may be joined to the first diaphragm 51 A and the 
second diaphragm 51 B having shapes different from 
each other, respectively, so as to differentiate detection 
sensitivity from each other. It is needless to say that 

45 such differentiation of the shapes of the diaphragms 
51 A, 51 B, and the connecting plates 52A, 52B can be 
applied also to the double-headed mass sensor 25 and 
the like, 55, and 60, as well as to double-headed mass 
sensor 70, 75A. and 75B. which will he described later. 

50 [0109] By thus forming the structure such as the dou- 
ble-headed mass sensor 65, since difference occurs in 
the dynamic range on the basis of each of the dia- 
phragms 51 A. 51 B, the total dynamic range for the 
entire double-headed mass sensor 65 can be 

55 increased. Therefore, it is not necessarily required to 
equalize the height Hy^ of the second sensing plate 41 B 
with the height Hy2 of the third sensing plate 41 C, and 
the width W^i of the second sensing plate 418 with the 
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width of the third sensing plate 41 C. The using 
method or the like of the double-headed mass sensor 
65 Is the same as that of the double-headed mass sen- 
sor 25 and the like. 

[01 1 0] In International Patent Application JP97/01 094 
in accordance with the Patent Cooperation Treaty, vari- 
ous vibratory gyro sensor (hereinafter referred to as 
"gyro") as shown in Figures 24 and 25 having structures 
similar to the double-headed mass sensors of the 
present invention described above in appearance. 
[0111] In the gyro shown in Figure 24, two oscillators 
2 are joined to a support table 4 at the respective basal 
end sides, and the site in the vicinity of the support table 
4 is made thin to form a first plate-like portion 6 which 
functions as a sensing portion having a main surface 
(plane surface) extending in the direction of the arrange- 
ment of the oscillator 2, Also, the site of each of the 
oscillators 2 in the basal end side is made as a thin sec- 
ond plate-like portion 8 having a width narrower than the 
width of the oscillator 2. and having a main surface 
extending in the direction perpendicular to the first 
plate-like portion 6, and each of the oscillators 2 is 
joined to the support table 4 through this second plate- 
like portion 8. Furthermore, each of the oscillators 2 is 
joined to a third plate-like portion 10 thinner than the 
oscillators 2 having a main surface parallel to the main 
surface of the first plate-like portion 6 at the site 
between each of the first plate-like portion 6 and the 
second plate-tike portion 8. 

[01 12] Each member of these oscillators 2 and so on 
is constructed by integrally sintered ceramics, and a pie- 
zoelectric/electrostrictive element 12 for sensing is 
formed on the first plate-like portion 6, and a piezoelec- 
tric/electrostrictlve element 14 for driving Is formed on 
the third plate-like portion 10. A cut portion 16 provided 
on each of the oscillators 2 is used for adjusting the res- 
onant frequency of the oscillator 2 by trimming or the 
like, and by making the support table 4 thicker than the 
oscillator 2 using a spacer portion 18, the structure in 
which the oscillator 2 is not interfered by the installing 
surface even when the support table 4 is installed using 
bolts 20 on the flat installing surface such as a sub- 
strate. 

[0113] In the gyro having such a structure, the third 
plate-like portion 10 driven by the piezoelectric/electros- 
trictive element 1 4 Is deformed, and each of the oscilla- 
tors 2 is vibrated in an approaching/receding direction 
along the X axis. In this state, when each of the oscilla- 
tors 2 is subjected to a rotational force around the Z 
axis, a Coriolis force acts to each of the oscillators 2 in 
the Y-axis direction based on the angular velocity 
around the Z axis, and each of the oscillators 2 is 
vibrated in the Y-axis direction by the Coriolis force in 
the direction opposite to each other. This bending vibra- 
tion of the oscillator 2 is sensed by the piezoetec- 
tric/electrostrictive element 12 for sensing as an 
electromotive force. 

[01 1 4] In the gyro, therefore, in order to raise detection 



accuracy and detection sensitivity, the shape of each 
member is designed so as to generate a large Coriolis 
force. For this purpose, the oscillator 2 of a larger mass 
is preferable, and therefore, the oscillator 2 is designed 

5 to be thick. Also, the mass of the oscillator 2 must not 
change during using. If the mass of the oscillator 2 
changes, difference in the generated Coriolis force 
occurs even if the rotational force of the same magni- 
tude acts on the oscillator 2, resulting in different 

70 detected values, and accurate measurement becomes 
impossible. 

[0115] Furthermore, in order to detect the generated 

Coriolis force efficiently, the piezoelectric/electrostrictive 
element 12 for sensing must be formed on the first 

15 plate-like portion 6 constituting the oscillator 2. In addi- 
tion, by forming the second plate-like portion 8 from a 
thin plate having the main surface in the Y-axis direction, 
its rigidity in the X-axis direction is lowered, and by 
decreasing the width/height ratio, vibration in the Y-axis 

20 direction, which is the cause to lower sensitivity. Moreo- 
ver, a gap is provided between the third plate-tike por- 
tion 10 and the support table 4 to make the structure 
facilitating the oscillator to vibrate in the X-axis direction. 
[0116] Whereas, in the gyro shown in Figure 25, the 

25 piezoelectric/electrostrictive element 12 for sensing is 
provided so as to cover almost the entire surface of the 
first plate-like portion 6 formed to be thin, and the first 
plate-like portion 6 constitutes the oscillator 2, but the 
constitution of other members is the same as the gyro 

30 shown in Figure 24. In such an oscillator 2 comprising a 
wide and long first plate-like portion 6, since the mass 
and the moment increase, and, as a result, the ampli- 
tude driven by the piezoelectric/electrostrictive element 
14 increases, sensitivity can be improved. Also, since 

35 the area of the piezoelectric/electrostrictive element 12 
is large, a large quantity of electric charge can be accu- 
mulated, it is advantageous in applications using the 
current detection method. 

[0117] In comparison with the gyro described above, 
40 from the object of the double-headed mass sensor of 
the present invention to sense a minute mass, since the 
mass of the diaphragm corresponding to the oscillator 
of the gyro is preferably as small as possible, It must be 
formed as a thin plate, and further, the installation of the 
45 piezoelectric element on the diaphragm, in particular, 
the installation of the piezoelectric element for sensing, 
is obviously not preferable from the measurement prin- 
ciple described above. Also, that the mass of the dia- 
phragm must change during measuring, and the using 
50 method in which the mass sensor must be used in the 
environment where no Coriolis force acts, are com- 
pletely different from the gyro. 

[0118] Furthermore, as in the gyro described above, 
the gap may be provided between the sensing plate and 
55 the sensor substrate in a double-head mass sensor. In 
this case, however, since stress applied to the main ele- 
ment decreases and detection sensitivity lowers. It is 
normally preferable not to provide such a gap in the 
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double-headed mass sensor. It Is also not preferable 
that the connecting plate and the spring plate of the 
double-headed mass sensor corresponding to the sec- 
ond plate-like portion 8 of the gyro have the thin-plate 
structure required by the gyro, that is, the structure in 
which the length of the plate-like portion 8 in the X-axis 
direction is very shorter than the length in the Y-axis 
direction, because the attenuation of oscillation ampli- 
tude increases when used, for example. In a liquid. 
[01 1 9] In addition to the above, in the gyro, it is neces- 
sary to provide a piezoelectric element for sensing and 
a piezoelectric element for driving separately. Whereas 
in the double-headed mass sensor, the main element is 
used so that the main element itself plays both the rolls 
of sensing and driving, and splitting the main element 
into driving (exciting) and sensing (receiving) is only a 
means for Improving the S/N ratio. Also in the double- 
headed mass sensor, the method for measuring reso- 
nant frequencies is different in that various modes such 
as the e-mode, (t)-mode, and axial rotation mode are 
used, other than the bending mode used In the gyro. 
[0120] Thus, It will be obvious that although the gyro 
and the double-headed mass sensor have structures 
similar to each other at a glance, there are various basic 
differences for achieving their objects, and the method 
and mode of using are also completely different. Also, 
the structure in which a spring plate is provided on both 
the surfaces of the connecting plates 21 A, 21 B, as In the 
double-headed mass sensor 60, or the embodiment of 
the double-headed mass sensor dominantly oscillating 
in the 0-mode further using a reinforcing plate, as In the 
double-headed mass sensor 65, is not disclosed or sug- 
gested in J P 97/01094. 

[0121] Now, a plan view showing an embodiment of a 
third double-headed mass sensor 70 of the present 
invention is shown In Figure 17. Each plate is joined at 
respective sides so that a first diaphragm 53A is sand- 
wiched between a first connecting plate 54A and a sec- 
ond connecting plate 54B, and a second diaphragm 
538 is sandwiched between a third connecting plate 
54C and a fourth connecting plate 54D. A first sensing 
plate 56A is bridged between the first connecting plate 
54A and the third connecting plate 54C, and a second 
sensing plate 568 is bridged between the second con- 
necting plate 548 and the fourth connecting plate 54D. 
A first main element 57A is provided on at least one of 
the plane surfaces of the first sensing plate 56A, and a 
second main element 578 is provided on at least one of 
the plane surfaces of the second sensing plate 568. A 
resonating portion is formed of the diaphragms 53A, 
538, the connecting plates 54A-54D, the sensing plates 
56A, 568, and the main elements 57A, 578. The reso- 
nating portion thus formed is bridged between the sides 
of a sensor substrate 58 having sides facing to each 
other across a gap or space to form a double-headed 
mass sensor 70. 

[0122] In the double-headed mass sensor 70, the Y1 
axis which Is the direction in which the first connecting 



plate 54A and the second connecting plate 548 sand- 
wich the first diaphragm 53A, the Y2 axis which is the 
direction in which the third connecting plate 54C and the 
fourth connecting plate 54D sandwich the second dia- 

5 phragm 538, and the extension of the Y axis which is 
the line dividing the plane surface of each of the first 
sensing plate 56A and the second sensing plate 568 
into two equal parts, are parallel to each other, and 
there Is formed the resonating portion having a symmet- 

10 rical shape about both the X axis which is orthogonal to 
the Y axis, the dividing line, and passes through the 
center of each of the first diaphragm 53A and the sec- 
ond diaphragm 538 and the Y axis. 
[0123] Also in the double-headed mass sensor 70, 

15 similar to the double-headed mass sensor 25 and the 
like, It is preferable to divide each of the main elements 
57A, 578 Into divided elements 59A, 598 and 61 A, 61 8. 
respectively, and to use those In the side of the dia- 
phragms 53A, 538 for driving, and those in the side of 

20 the sensor substrate 58 for sensing, and each of main 
elements 57A, 578 may be provided on both plane sur- 
faces of each of the sensing plates 56A, 568. Also sim- 
ilar to the double-headed mass sensor 55 shown in 
Figure 1 1 , it is preferable to install spring plates, and as 

25 required, spring plate reinforcing members on each of 
the connecting plates 54A-54D to increase the rigidity of 
the connecting plates 54A-54D. 
[01 24] Figure 1 8 (a) is a plan view showing an embod- 
iment of a fourth double-headed mass sensor 75A. 

30 Each plate is joined at respective sides so that a first 
diaphragm 53A is sandwiched between a first connect- 
ing plate 54A and a second connecting plate 548, and a 
second diaphragm 538 is sandwiched between a third 
connecting plate 54C and a fourth connecting plate 

35 54D. Furthermore, each plate is joined at respective 
sides so that a first connecting plate 54A is positioned 
between the first sensing plate 56A and the third sens- 
ing plate 56C, a third connecting plate 54C is positioned 
between the first sensing plate 56A and the fourth sens- 

40 ing plate 56D, a second connecting plate 548 is posi- 
tioned between the second sensing plate 568 and the 
fifth sensing plate 56E, and a fourth connecting plate 
54D is positioned between the second sensing plate 
568 and the sixth sensing plate 56F Furthermore, a first 

45 main element 57A is provided on at least one of the 
plane surfaces of the first sensing plate 56A, and a sec- 
ond main element 578 Is provided on at least one of the 
plane surfaces of the second sensing plate 568. A res- 
onating portion is formed of the diaphragms 53A, 538, 

50 the connecting plates 54A-54D, the sensing plates 56A- 
56F, and the main elements 57A, 578. The resonating 
portion thus formed Is bridged between the sides of a 
sensor substrate 58 having sides facing to each other 
across a gap or space to form a double-headed mass 

55 sensor 75A. 

[0125] In the double-headed mass sensor 75A, the Y1 
axis which Is the direction in which the first connecting 
plate 54A and the second connecting plate 548 sand- 
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wich the first diaphragm 53A, the Y2 axis which is the 
direction In which the third connecting plate 54C and the 
fourth connecting plate 54D sandwich the second dia- 
phragm 53B, and the extension of the Y axis which is 
the line dividing the plane surface of each of the first 
sensing plate 56A and the second sensing plate 56B 
Into two equal parts, are parallel to each other, and 
there is formed the resonating portion having a symmet- 
rical shape about both the X axis which Is orthogonal to 
the Y axis, and passes through the center of each of the 
first diaphragm 53A and the second diaphragm 53B and 
the Y axis. 

[01 26] In the double-headed mass sensor 75A, similar 
to the double-headed mass sensor 70 described above, 
it is preferable to divide each of the main elements 57A, 
578 into divided elements 59A, 598 and 61 A. 618. 
respectively. Also, similar to the double-headed mass 
sensor 40A, it is preferable to provide subsidiary ele- 
ments 62A, 628. 62C, and 62D similar to the subsidiary 
elements 42A, 428, on the third sensing plate 56C, the 
fourth sensing plate 56D, the fifth sensing plate 56E. 
and the sixth sensing plate 56F, respectively. 
[0127] The structures of the double-headed mass 
sensors 70 and 75A can be briefly expressed as a struc- 
ture In which each of two diaphragms is joined so as to 
be sandwiched by connecting plates at the respective 
sides, a sensing plate on which an element is installed 
is bridged between the connecting plates, or provided 
so as to sandwich the connecting plates, and the con- 
necting plates and sensing plates are bridged between 
the sides of the sensor substrate facing to each other 
across the gap. 

[0128] The use of the double-headed mass sensors 
70 and 75A having the above-described structure is the 
same as that of the double-headed mass sensor 25 and 
the like, and the oscillation modes of each of the dia- 
phragms 53A, 538 are also the same. In this structure, 
however, In addition to the above, in the first diaphragm 
53A. for example, as shown in Figures 17 and 18 (a), 
the surface rotational oscillation of the n-mode. in which 
the first diaphragm 53A makes rotationally reciprocal 
oscillation around the center of the first diaphragm 53A 
on the plane surface of the first diaphragm 53A, and the 
reciprocal oscillation of the monoaxial-mode in which 
the reciprocal oscillation on the plane surface of the first 
diaphragm 53A in the X-axis direction orthogonal to the 
Y axis as indicated by the arrow K is dominant, are 
used. The surface rotational oscillation of the n-niode 
and the reciprocal oscillation of the monoaxial-mode are 
not general names, but these are defined in the present 
invention to distinguish various oscillation modes. This 
is also the same for the 9-mode and (j)-mode described 
above. 

[0129] In particular, the resonance of the monoaxial- 
mode in the X-axis direction is advantageous in that dif- 
ference in sensitivity caused by the location where 
change in mass has occurred, for example, when anti- 
gens have adhered on the diaphragms 53A. 538 and 



the mass has increased, the location where the anti- 
gens have adhered, is especially small. When the ti- 
mode is used, the direction of polarization of the main 
elements 57A. 578 Is made opposite to each other. 

5 [0130] Also, in the double-headed mass sensors 70 
and 75A. since the diaphragms 53A, 538 are supported 
by connecting plates 54A-54D, and as required, by join- 
ing spring plates, resonant frequencies can be 
increased, and sensitivity can be improved. Though, to 

10 enlarge an area of a diaphragm is not preferable in gen- 
eral because resonant frequencies Is lowered, resonant 
frequencies can be specified to be high in the structures 
shown in Figs. 1 7 and 1 8 even If a diaphragm having the 
same size is used because the diaphragm is sand- 

15 witched and therefore has high rigidity, and the shift of 
resonant frequencies increases due to change per unit 
mass, resulting In the ease of determination. Further- 
more, when subsidiary elements 62A-62D are provided 
in the double-headed mass sensor 75A, the use of the 

20 r|-mode described above for the measurement of reso- 
nant frequencies can increase the Q value. Of course, it 
is also preferable to provide each of the subsidiary ele- 
ments 62A-62D as divided elements as in each of the 
main elements 57A, 578. In the double-headed mass 

25 sensor 75A, although the shape of the connecting 
plates 54A-54D is the same, the double-headed mass 
sensor 758 having a higher measurement sensitivity in 
the e-mode can be produced by differentiating the width 
of the connecting plates sandwiching a diaphragm, for 

30 example, by narrowing the width of the first connecting 
plate 54A and widening the width of the second con- 
necting plate 548 as Figure 1 8 (b) shows. 
[0131] Next, members constituting all the double- 
headed mass sensors of the present invention 

35 described above will be described. Members such as 
the diaphragm, the connecting plate, the sensing plate, 
the spring plate, the spring plate reinforcing member, 
the reinforcing plate, and the sensor substrate are pref- 
erably made of ceramics, specifically, stabilized or par- 

40 tially stabilized zirconia, alumina, magnesia, or silicon 
nitride. Among these, stabilized or partially stabilized 
zirconia is most preferably used because they have a 
high mechanical strength, a high toughness, and a low 
reactivity with the materials of piezoelectric films or 

45 electrodes, even as a thin plate. When stabilized or par- 
tially stabilized zirconia is used as the material for the 
sensor substrate, it is preferable to add an additive such 
as alumina and titania at least to the sensing plate. 
[0132] Although each of the diaphragm, the connect- 
so ing plate, the sensing plate, and the spring plate, the 
spring plate reinforcing member, and the reinforcing 
plate provided as required are not necessarily required 
to be composed of the same material, and various 
ceramic materials may be used in combination depend- 

55 ing on the design. However, it Is preferable to constitute 
these members integrally using the same material from 
the point of view of the reliability of the parts where 
these members are joined, and the simplification of the 
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manufacturing process. Therefore, it is preferable that 
these members are Integrally formed with the sensor 
substrate. 

[0133] In order to obtain a double-headed mass sen- 
sor having such an integral structure, It is preferable that 
the diaphragm, the connecting plate, and the sensing 
plate are integrally formed from a vibrating plate by 
punching or the like, and the sensor substrate Is Inte- 
grally formed by laminating the vibrating plate and a 
base plate, as shown in the method for manufacturing a 
double-headed mass sensor described later. 
[0134] Also, when the spring plates joined to the con- 
necting plates are formed, it Is preferable to form the 
spring plates from the original intermediate plate In the 
sensor substrate Integrally formed by Inserting the inter- 
mediate plate between the vibrating plate and the base 
plate. Thus, the sensor substrate and the spring plate 
can be Integrally formed, and the spring plate and the 
connecting plate can also be Integrally formed. Further- 
more, the spring plate reinforcing member can also be 
integrally formed with the vibrating plate, and the rein- 
forcing plate can be formed integrally with a sensor sub- 
strate by connecting as a reinforcing plate at least one 
to several of the thin plates forming the base plate with 
the spring plate. That is, the members can be Integrally 
joined without using adhesives. to make joining having a 
high mechanical reliability and excellent temperature 
properties. 

[0135] Major purpose of the double-headed mass 
sensor is sensing minute change In a mass. For this 
purpose, however, the thickness of the diaphragm is 
preferably about 3 to 20 pm, and for sensing change in 
the mass of a 0.1 nanogram (ng) order, the thickness is 
preferably about 5 to 15 ^m. Since the connecting plate 
itself functions as the spring plate, the spring plate is not 
necessarily required, but when the spring plate is pro- 
vided, the thickness of the connecting plate is preferably 
3 to 100 jam, and the thickness of the base plate Is suit- 
ably determined considering the ease of operation. 
When no spring plate Is provided, the intermediate plate 
is not required, but in this case, it is preferable to thicken 
the base plate by the thickness of the Intermediate plate 
so as to maintain the mechanical strength of the sensor 
substrate. 

[0136] However, when the spring plates are formed on 
both the plane surfaces of the connecting plate, the 
spring plate formed on the surface on which a piezoe- 
lectric element Is formed may be what has the same 
structure as the piezoelectric element formed as the 
spring plate. This is preferred from the point of view of 
the manufacturing process because the spring plate 
can be simultaneously formed with the piezoelectric ele- 
ment. However, for the piezoelectric element formed as 
the spring plate, the electrodes constituting the piezoe- 
lectric element are not used as electrodes. 
[0137] When a spring plate Is formed, in either case 
where it is bonded on one side or on both sides of the 
connecting plate, the thickness is preferably 10 to 220 



^m, the width is preferably 100 to 500 ^im. and the 
aspect ratio (width/thickness) of the spring plate is pref- 
erably in a range between 0.4 and 50. Furthermore, 
when the attenuation of oscillation amplitude by the use 

5 of the double-headed mass sensor in a liquid Is consid- 
ered, the thickness is preferably 10 to 70 \im, the width 
is preferably 1 00 to 500 ^m, and the aspect ratio is pref- 
erably 1 .4 to 50. More preferably, a thickness of 10 to 70 
^m, a width of 1 00 to 300 ^m. and an aspect ratio of 1 .4 

10 to 30 are suitable ranges. The thickness of the spring 
plate reinforcing member, when such a spring plate 
reinforcing member is required, is preferably the same 
as the thickness of the spring plate to be joined to the 
spring plate reinforcing member. It is needless to say 

15 that even if the spring plate In such a range of thickness 
is used, the spring plate is preferably within the mass 
ratio range of the spring plate and the diaphragm 
described above. 

[0138] For the piezoelectric film In the piezoelectric 

20 element used as main and subsidiary elements, 
although film-like piezoelectric ceramics are suitably 
used, electrostrictlve ceramics or ferroelectric ceramics 
may also be used. Such materials may be either those 
requiring or not requiring polarization. 

25 [0139] Ceramics that can be used in the piezoelectric 
film include, for example, lead zirconate. lead titanate, 
lead magnesium niobate, lead nickel niobate, lead zinc 
niobate, lead manganese niobate, lead antimony stan- 
nate, lead manganese tungstate, lead cobalt niobate, 

30 and barium titanate. These may be used alone, or as 
ceramics containing the combination of some of them. 
In the present invention, a materia! containing the com- 
ponents consisting mainly of lead zirconate, lead titan- 
ate, and lead magnesium niobate as the main 

35 component is preferably used, because such a material 
not only has high electromechanical coupling factor and 
piezoelectric constant, but also has small reactivity with 
the sensor substrate member on sintering piezoelectric 
film, and can form the desired composition stably. 

40 [01 40] Furthermore, ceramics containing the oxides of 
lanthanum, calcium, strontium, molybdenum, tungsten, 
barium, niobium, zinc, nickel, manganese, cerium, cad- 
mium, chromium, cobalt, antimony, Iron, yttrium, tanta- 
lum, lithium, bismuth, and tin alone, or in the 

45 combination of some of these oxides, or ceramics in 
which other compounds of these elements are added 
may be used for the above piezoelectric ceramics. For 
example, a ceramic material containing lead zirconate, 
lead titanate, and lead magnesium niobate as main 

50 components, to which lanthanum or strontium is added 
is also preferable, and such a material to which manga- 
nese is further added is preferable because the 
mechanical quality factor Is large, and the Q value can 
be increased not only from the structure of the sensor 

55 but also from the material. 

[0141] On the other hand, the first electrode and the 
second electrode In the piezoelectric element are pref- 
erably formed from a metal that Is solid at room temper- 
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ature and conductive. For example, a metal such as 
aluminum, titanium, chromium, iron, cobalt, nickel, cop- 
per, zinc, niobium, molybdenum, ruthenium, palladium, 
rhodium, silver, tin, tantalum, tungsten, iridium, plati- 
num, gold, or lead alone, or an alloy ofsome of these 
elements can be used. Furthermore, a cermet material 
In which the same material used in the piezoelectric film 
or the sensing plate is dispersed in these materials may 
be used. These metal materials may be used as the 
materials of the electrode for the position sensor. 
[0142] The selection of the material for the actual first 
electrode and the second electrode is determined 
depending on the method for forming the piezoelectric 
film. For example, when the first electrode is formed on 
the sensing plate, then the piezoelectric film is formed 
on the first electrode by sintering, the first electrode 
must be made of a metal having high melting point, 
such as platinum, which is not affected by the tempera- 
ture for sintering the piezoelectric film. However, since 
the second electrode formed on the piezoelectric film 
after forming the piezoelectric film can be formed at a 
low temperature, a metal having low melting point, such 
as aluminum, can be used. 

[01 43] Although the piezoelectric element can be inte- 
grally formed by sintering, in this case, both the first 
electrode and the second electrode must be made of a 
metal having high melting point which resists the tem- 
perature for sintering the piezoelectric film. On the other 
hand, when the first and second electrodes 97, 98 are 
formed on the piezoelectric film 96 as shown In Figure 
5, both electrodes can be made of the same metal hav- 
ing low melting point. Thus, the materials for the first 
electrode and the second electrode can be selected 
suitably depending on the temperature for forming the 
piezoelectric film represented by the sintering tempera- 
ture of the piezoelectric film and the structure of the pie- 
zoelectric element. 

[0144] Since a problem arises when the area of the 
piezoelectric element is expanded, in that although sen- 
sitivity increases because of increase in the output 
charge, the size of the sensor Increases, the piezoelec- 
tric element should be designed to an adequate shape. 
Also, since a problem arises when the thickness of the 
piezoelectric element is decreased, in that although 
sensitivity increases, the rigidity of the piezoelectric ele- 
ment is lowered, the total thickness of the sensing plate 
and the piezoelectric element is preferably 15 to 50 \xro. 
[0145] When an insulation coating layer is formed on 
the main element, the subsidiary elements, and the 
electrode leads as in the double-headed mass sensor 
40D shown in Figure 15, insulating glass or resin is 
used as its material. For enhancing the performance of 
the double-headed mass sensor, a resin is more prefer- 
ably used as the material for the insulation coating layer 
than glass, and chemically stable ftuorocarbon resins, 
for example, tetrafluoroethylene-based Teflon (Teflon 
PTFE of DuPont K.K.). tetrafluoroethylene-hexafluoro- 
propylene copolymer-based Teflon (Teflon FEP), 



tetrafluoroethylene-perfluoroalkyi vinyl ether copolymer- 
based Teflon (Teflon PFA), and PTFE/PFA composite 
Teflon are preferably used. Although corrosion resist- 
ance and weather resistance are lower than those of 

5 these fluorocarbon resins, silicone resins (in particular, 
thermosetting silicone resins) can be suitably used, and 
epoxy resins or acrylic resins can also be used depend- 
ing on the applications. It is also preferable to add inor- 
ganic or organic fillers in the insulating resin to adjust 

;o the rigidity of the resonating portion. 

[0146] When the insulation coating layer is formed, the 
materials for a shield layer formed on the insulation 
coating layer are preferably metals such as gold, silver, 
copper, nickel, and aluminum; however, any metallic 

15 materials used in the first electrode of the piezoelectric 
element or the like described above can be used. A con- 
ductive paste comprising metal powder mixed in a resin 
may also be used. It is also preferable to form the insu- 
lation coating layers using the materials in the main ele- 

20 ment, the subsidiary elements, and the vicinity thereof, 
different from the material used in the electrode leads 
and the vicinity thereof. 

[01 47] Next, a method for fabricating a double-headed 
mass sensor will be described using as an example the 

25 double-headed mass sensor 55 having a cross section 
shown in Figure 1 1 (e), that is a double-headed mass 
sensor having the structure In the double-headed mass 
sensor 40A shown in Figure 2 (a) in which a spring plate 
47 is provided only on a side of each of the connecting 

30 plates 22A, 22B. As the materials of the sensor sub- 
strate 27, ceramics such as zirconia are suitably used. 
A slurry is produced by mixing a binder, solvent, disper- 
sant, and other additives in ceramic powder, and after 
removing foams from the slurry, a green sheet or a 

35 green tape for the vibrating plates, intermediate plates 
and base plates having desired thickness using a 
method such as the reverse roll coater method and the 
doctor blade method is formed. 
[0148] Next, these green sheets are punched using a 

40 die or laser to desired shapes, for example, as shown in 
Figure 1 9, the shape of an intermediate plate 64 having 
an opening 67 and a spring plate 68, and the shape of a 
base plate 66 having an opening 67, and the green 
sheet at least one for each of the vibration plate 63, the 

45 intermediate plate 64, and the base plate 66 are lami- 
nated in this order under applying a heat and pressure, 
sintered, and Integrated to form the sensor substrate 
27. 

[0149] It is also possible to form the vibrating plate 63 
50 as shown in Figure 1 1 (b) on the center of the sensor 
substrate by sandwiching the vibrating plate 63 with two 
intermediate plates 64, and further sandwiching It with 
two base plates 66. If two openings 67 are formed in the 
sensor substrate 27, and a resonating portion is formed 
55 in each of the openings 67, it becomes easy to use one 
of the resonating portions as the sensor for measure- 
ment, and the other for reference. 
[0150] Here, on laminating these green sheets, holes 
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69 are formed in each green sheet for the alignment of 
lamination. Although an outer frame produced by 
punching the rectangular plane Inner portion as the 
shape of the base plate 66 is used for the sensor sub- 
strate 27, a concave portion may be later formed by cut- 
ting in the sensor substrate 27 for fitting the resonating 
portion of the double-headed mass sensor 55, or the 
shape may be maintained for forming the structure In 
which each of the diaphragms 21 A, 21 B and the like are 
formed Inside the sensor substrate 27. Although the 
area which becomes the opening 67 or the diaphragms 
21 A, 21 B and the like can be formed In the green state, 
since the vibrating plate 63 is as thin as 20 |im or less, It 
Is preferable to form the predetermined shapes after 
forming the sensor substrate 27 and the main and sub- 
sidiary elements 44, 42A. 42B by laser processing 
described later, for securing the flatness and dimen- 
sional accuracy after sintering of the diaphragms 21 A, 
21 B, connecting plates 22A. 228, and sensing plates 
41 A, 41 B, 41 C formed in the vibrating plate 63. 
[01 51 ] Methods for forming on the area of the vibrating 
plate 63 where the sensing plates 41 A. 41 B, 41 C are 
formed the piezoelectric elements, which are the main 
and subsidiary elements 44, 42A, 42B consisting of a 
first electrode, a piezoelectric film, and a second elec- 
trode, include a method in which a piezoelectric film is 
formed by press formation using a die or tape formation 
using a slurry material, the piezoelectric film before sin- 
tering is laminated under applying a heat and pressure 
on the area of the vibrating plate 63 where the sensing 
plates 41 A, 41 B, 41 C are formed, and they are simulta- 
neously sintered (co-fired) to form the sensor substrate 
27 and the piezoelectric element at the same time. In 
this case, however, the electrodes must be formed on 
the sensor substrate 27 or on the piezoelectric film 
beforehand by the film formation method described 
later. 

[0152] Although the temperature for sintering the pie- 
zoelectric film Is determined depending on the constitut- 
ing material, it Is generally 800'*C to 1400'*C, preferably 
1000°C to 1400X. In this case, it is preferable for con- 
trolling the composition of the piezoelectric film, that sin- 
tering is conducted in the presence of the evaporation 
source of the material for the piezoelectric film. When 
the sintering of the piezoelectric film and the sintering of 
plates 63-65 are performed simultaneously, the sinter- 
ing conditions of the two must be matched to each 
other. 

[0153] On the other hand, if the film formation method 
Is used, the piezoelectric element can be formed on the 
area of the vibrating plate 63 on which the sensing 
plates 41 A, 41 B, 41 C are formed, by various thick film 
forming methods, such as screen printing, dipping, and 
painting; or various thin film forming methods, such as 
the ion beam method, sputtering, vacuum deposition, 
ion plating, chemical vapor deposition (CVD), or electro- 
plating. Among these, for the formation of the piezoelec- 
tric film in the present invention, thick film forming 



methods, such as screen printing, dipping, and painting 
are preferably used. This is because the piezoelectric 
film can be easily formed using paste or slurry consist- 
ing mainly of the particles of piezoelectric ceramics hav- 
5 ing an average particle size of 0.01 to 5 ^m, preferably 
0.05 to 3 ^m, and favorable piezoelectric properties can 
be obtained. 

[01 54] For example, after the sensor substrate 27 has 
been sintered under predetermined conditions, the first 

10 electrode Is printed and sintered on the predetermined 
surface area of the vibrating plate 63, then the piezoe- 
lectric film is printed and sintered, and further, the sec- 
ond electrode is printed and sintered to form the 
piezoelectric element. Then, electrode leads are printed 

15 and sintered for connecting the formed electrodes to the 
measuring instruments. Here, for example, if platinum 
(Pt) Is used for the first electrode, lead zirconate titanate 
(PZT) is used for the piezoelectric film, gold (Au) Is used 
for the second electrode, and silver (Ag) or the like is 

20 used for the electrode leads, sintering temperatures in 
the sintering process can be lowered stepwise. There- 
fore, the previously sintered materials are re-sintered in 
a certain sintering step, and the occurrence of troubles 
in the material for electrodes and the like, such as peel- 

25 ing off and agglomeration or condensation, can be 
avoided. 

[0155] By selecting suitable materials, the respective 
members and electrode leads of the piezoelectric ele- 
ment can be printed one after the other, and integrally 

30 sintered at once, or after the piezoelectric film is formed, 
respective electrodes and the like can be provided at a 
low temperature. Also, the respective members and 
electrode leads of the piezoelectric element can be 
formed by a thin film forming method, such as sputtering 

35 or vapor deposition. In this case, heat treatment is not 
necessarily required. Furthermore, the electrode for the 
position sensor can be formed simultaneously with the 
formation of the electrode leads. 
[0156] Thus, by forming the piezoelectric element 

40 using the film formation method, since the piezoelectric 
element and the sensing plates 41 A, 41 B, 41 C can be 
integrally joined without using adheslves, and the dou- 
ble-headed mass sensor excels in reliability and repro- 
ducibility, and is easily integrated. Here, the 

45 piezoelectric film may be suitably patterned, and the 
methods for patterning include, for example, screen 
printing, photolithography, laser processing, or mechan- 
ical processing such as slicing and ultrasonic process- 
ing. 

50 [01 57] Next, diaphragms 21 A, 21 B are formed on the 
predetermined area of thus formed sensor substrate 27. 
Here, it is preferable to remove the unnecessary part of 
the sintered vibrating plate 63 by processing using the 
fourth harmonic (wave) of YAG laser. Thus, an opening 

55 67 can be formed leaving members integrally joined to 
the sensor substrate 27. such as the diaphragms 21 A, 
21 B, and the sensing plates 41 A, 41 B. 41 C as shown in 
Figure 2, and at this time, by adjusting the shape of 
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each of the diaphragms 21 A, 21 B and the like, the res- 
onant frequency can be adjusted to the predetermined 
value, and the range of masses of the substance to be 
sensed can be determined. 

[0158] Here, as shown in Figure 20, if a part of each 
of the diaphragms 21 A. 21 B is cut and removed so that 
the length of the each of the diaphragms 21 A, 21 B is 
decreased from Lq to Li, the resonance point can be 
raised, and on the other hand, if the width of each of the 
connecting plates 22A, 228 (and the spring plate) is 
narrowed from to to t^ the resonance point can be low- 
ered. Therefore, by the combination of these values, the 
resonance point can be adjusted. Furthermore, by nar- 
rowing the width of the each of the diaphragms 21 A, 
21 B from Wq to Wi. the rotational mode can be 
restricted, the Q value in the 0-mode can be increased, 
and the difference of change In the resonant frequen- 
cies depending on an adhesion location can be 
decreased even when change in the mass of the 
adhered substance is the same. 
[0159] Furthermore, when a piezoelectric element of 
a lamination type as Figure 4 shows is provided, as 
shown in Figure 21 , it is preferable that after a piezoe- 
lectric element comprising a first electrode 90 as the 
lower electrode, a second electrode 92 as the upper 
electrode, and a piezoelectric film 91 formed in between 
is once formed, then the upper electrode is removed by 
the fourth harmonic wave of YAG laser, or machining to 
adjust the available electrode area of the piezoelectric 
element and adjust detection sensitivity. When the 
structure of the piezoelectric element Is a comb-shaped 
structure as shown in Figure 6 or 7, part of one or both 
electrodes may be removed. 

[0160] In processing such a sensor portion, there can 
be used various processing methods suitable for the 
size and shape of the sensor portion, such as laser 
processing with YAG laser, the second or third harmonic 
wave of YAG laser, excimer laser, or CO2 laser; electron 
beam processing; and dicing (machining), in addition to 
the fourth harmonic wave of YAG laser described 
above. 

[01 61 ] In addition to the method using green sheets as 
described above, the sensor substrate 27 can be pro- 
duced by the compression method, casting method, or 
injection method using molds. In these cases also, 
machining such as cutting, grinding, laser processing, 
punching, and ultrasonic processing Is conducted 
before and after sintering, and the double-headed mass 
sensor 55 of a predetermined shape can be obtained. 
[0162] When an insulation coating layer 77 is formed 
on the main and subsidiary elements 44, 42A, 42B, and 
electrode leads in thus fabricated double-headed mass 
sensor 55, as in the double-headed mass sensor 40D 
shown in Figure 19, It can be formed using glass or a 
resin by screen printing, coating, or spraying. Here, 
when glass is used as the material, the double-headed 
mass sensor 55 itself must be heated to near the soften- 
ing point of the glass, and since glass has a high hard- 



ness, oscillation may be Inhibited. However, since the 
resin Is soft, and only such processing as drying is 
required, the use of a resin is preferable. Although it has 
already been described that fluorocarbon or silicone 

5 resins are suitable as resins that can be used in the 
Insulation coating layer 77, it Is preferable, when these 
resins are used, to form a primer layer suited to the 
types of the resin and ceramics used, for improving the 
adhesion with the underlying ceramics, and to form the 

10 insulation coating layer 77 on the primer layer. 

[0163] Next, when a shield layer 78 Is formed on the 
insulation coating layer 77 made of a resin, since sinter- 
ing is difficult, a method not requiring heat, such as 
sputtering, Is used when various metallic materials are 

15 used as conductive members; however, when a con- 
ductive paste comprising metal powder and a resin, 
screen printing or coating can be used preferably. If the 
insulation coating layer 77 Is made of glass, a paste 
containing a metal can be screen-printed, and fired 

20 below a temperature at which the glass flow. 

[0164] Finally, a double-headed mass sensor is com- 
pleted by applying a catching substance such as an 
antibody to each of the diaphragms 21 A, 21 B. Here, 
when a plurality of openings 67 are provided, and two of 

25 them are formed for measurement and for reference in 
the sensor substrate 27, respectively, it is preferable 
that these two sensors are provided in the vertical (up- 
down) direction of the sensor substrate 27, that is, in the 
location where the sensor for sensing is first immersed 

30 in a liquid or the like, and the sensor for reference is not 
immersed In the liquid or the like, because it Is easy that 
only the sensor portion for sensing Is immersed in the 
catching substance for applying the catching substance 
to the diaphragm of the immersed portion of the dla- 

35 phragm or the like, while the sensor for reference Is 
used as a sensor such as a temperature compensation 
sensor without Teflon coating or the like, and is not 
immersed in the catching substance not to apply the 
catching substance to the diaphragm. In the double- 

40 headed mass sensor, it is preferable that at least two 
resonating portions are provided on a sensor substrate, 
and one of the resonating portions is used as the reso- 
nating portion for reference without applying the catch- 
ing substance to the diaphragm. On the other hand, It Is 

45 also preferable to apply different types of catching sub- 
stances to each of the resonating portions, that is to 
provide in a sensor a plurality of resonating portions to 
which two or more different catching substances are 
separately applied. 

50 [0165] Thus, a double-headed mass sensor in which 
a catching substance is applied only to the sensor for 
sensing can be easily fabricated. However, in actual 
mass measurement using such a double-headed mass 
sensor, each of the sensors for sensing and reference 

55 must be placed in the same environment. When the 
double-headed mass sensor of the present Invention is 
entirely immersed In a conductive liquid, it is needless to 
say that the provided piezoelectric element and the 
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electrode leads must be coated with an insulation coat- 
ing layer. As described above, in the using method In 
which two sensors are used for sensing and reference, 
respectively, Teflon coating on the resonating portion in 
the sensor for reference, that Is, the diaphragm, the con- 
necting plate, the sensing plate, the piezoelectric ele- 
ment, the spring plate, and the like prevents the 
substance to be sensed from adhering on the sensor for 
reference and the like, and enables more accurate 
measurement. Similarly, Teflon coating on the part of 
the sensor for sensing other than the diaphragm is pre- 
ferred, because the substance to be sensed can be 
securely caught by only the diaphragm, and sensitivity 
is Improved. Furthermore, since an expensive catching 
substance, such as antibodies. Is applied only to the 
required area, the coating to the entire sensor substrate 
2 other than the diaphragm is preferred from the point of 
view of the costs. 

[0166] It is also possible to increase the dynamic 
range by applying the same catching substance to each 
diaphragm of each sensor, and integrating signals from 
each sensor. Furthermore, it is possible to use the sen- 
sor for reference not for reference but to use it by apply- 
ing a catching substance different from that applied to 
the sensor for sensing, 

[0167] By the use of the fabricated double-headed 
mass sensor, the measurement as an impedance ana- 
lyzer or a network analyzer can be conducted, and by 
sensing the voltage and charge from the piezoelectric 
element (main and subsidiary elements 44, 42A, 42B) 
and measuring resonant frequencies using the transfer 
function measurement with the SINSWEEP method, 
change In the mass of the diaphragm can be measured. 
When the main element or the subsidiary elements are 
divided, resonant frequencies are measured by the 
method In which SINSWEEP waves are supplied to the 
driving element (exciting element), and the sensing ele- 
ment (receiving element) senses output charge or out- 
put voltage with a spectrum analyzer. All of the double- 
headed mass sensors of the present invention can be 
fabricated by the method described above, and can be 
used for measuring resonant frequencies. 
[0168] Next, other applications of the double-headed 
mass sensor according to the present invention will be 
described. First, when the catching substance applied 
to the diaphragm is a moisture adsorbing material, the 
double-headed mass sensor can be used as a moisture 
meter. When applying to the diaphragm an adsorbing 
material that adsorbs a specific gaseous component, or 
an organic or inorganic substance as a catching sub- 
stance, the double-headed mass sensor can be used as 
a gas sensor, an odor sensor, or a taste sensor. Further- 
more, if the temperature of the diaphragm is controlled 
to make dew condense, the double-headed mass sen- 
sor can be used as a dew indicator which measures the 
dew point from the temperature when the mass of the 
diaphragm is Increased. 

[0169] The double-headed mass sensor can also be 



used as a film thickness meter. The films that can be 
measured include sputtered films or CVD films formed 
In vacuum, LB films formed in gases, or electrodepos- 
ited films formed in liquids. When these films are 

5 formed, if the diaphragm of the double-headed mass 
sensor Is placed in the same film forming environment, 
a film is formed on the diaphragm causing change in the 
mass, and change in resonant frequency, the thickness 
or the growing speed of the formed film can be meas- 

10 ured. 

[0170] Although a quartz vapor-deposited film thick- 
ness meter has been known to detect change in the res- 
onant frequency of a quartz oscillator similar to the one 
shown in Figure 22 in the shear mode when the film 

15 thickness changes, it has problems in that it is largely 
affected by change in temperature, noise due to the col- 
lision of impurities, and change In vacuum pressure, 
because the oscillator Itself is used in a vapor deposi- 
tion environment. 

20 [0171] Whereas, if the double-headed mass sensor Is 
used in the e-mode or the n-mode as a vapor-deposited 
film thickness meter, the sensing portion consisting of a 
sensing plate and main and subsidiary elements resists 
change in temperature because of the rigid-body mode, 

25 the probability of the collision of impurities is low 
because the diaphragm is as thin as 3 to 20 ^m, and a 
structure in which the sensing portion, spring plate, and 
the connecting plate are easily held in a constant envi- 
ronment, the measurement accuracy can be improved 

30 compared with the case where a quartz oscillator is 
used. 

[0172] Furthermore, the double-headed mass sensor 
can be used as a viscosity meter to cause the shear 
waves of transverse waves to occur in a fluid when the 

35 diaphragm is immersed in the liquid, and receive the 
mass load of the portion where viscous waves enter. 
[0173] Although a quartz viscosity meter for detecting 
change in the resonant frequency of a quartz oscillator 
in the shear mode has also been used, it has problems 

40 in that it is susceptible to change in temperature, and 
noise due to the collision of impurities in the liquid, 
because the quartz oscillator itself Is immersed in the 
liquid. On the other hand, when the double-headed 
mass sensor is used in the 6-mode as a viscosity meter. 

45 since the sensing portion 29, the spring plate 18. and 
the connecting plate 20 are not required to immerse in 
the liquid, the sensing portion 29 resists change in tem- 
perature because of the rigid-body mode, and the dia- 
phragm 1 9 is as thin as 3 to 20 ^im, the probability of the 

50 collision of impurities Is low, measurement accuracy is 
Improved. 

[0174] Furthermore, a quartz oscillator is used as a 
friction vacuum gauge since its electric resistance var- 
ies due to the friction of gas molecules and the viscous 
55 friction of the gas in a vacuum. However, since this type 
of vacuum gauge is used to measure change in fre- 
quencies due to the mass load effect of the quartz oscil- 
lator, the double-headed mass sensor utilizing basically 
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the same measurement principle can also be used as a 
vacuum gauge. 

[0175] Although a friction vacuum gauge using a 
quartz oscillator detects change in resistance when the 
tuning fork-shaped oscillator 79 is oscillated in the X- 
axis direction as Figure 23 shows, it Is difficult to 
decrease the thickness d^ of the oscillator 79, and 
therefore, the improvement of detection sensitivity is dif- 
ficult. Whereas, in the double-headed mass sensor, the 
thickness of the diaphragm can be decreased to 3 to 20 
^m, and the e-mode or the ri-mode can be used, detec- 
tion sensitivity can be improved. 
[0176] In addition, the double-headed mass sensors 
25 and the like, 60, and 65 can be used as a tempera- 
ture sensor by using the bending mode of the dia- 
phragm, that is, by sensing change in the Young's 
modulus as change In resonant frequency In the bend- 
ing mode. 

[0177] Although the double-headed mass sensor of 
the present invention can be used as various sensors, 
the basic principle of measurement Is to measure 
change In the resonant frequency of the resonating por- 
tion on the basis of the mass load to the diaphragm. 
Therefore, a plurality of sensors having different func- 
tions can be easily formed in one double-headed mass 
sensor, that is, by providing a plurality of openings in the 
sensor substrate, sensors having different functions can 
be easily provided in each of the openings. For exam- 
ple, the functions of a temperature sensor, a vacuum 
gauge, or a viscosity sensor can be incorporated to the 
double-headed mass sensor, and the compensation of 
temperature, vacuum, or viscosity can be easily per- 
formed for the mass measurement. In such cases, since 
the use of a plurality of sensors having different shapes 
for different applications Is not required, It Is also advan- 
tageous from the costs for the incorporation of sensors 
to the place of measurement and their handling, and for 
the installation of measuring instruments. 
[0178] The double-headed mass sensor of the 
present invention has been described above focussing 
a piezoelectric transducer using a piezoelectric film that 
utilizes the piezoelectric effect as a device for sensing 
the oscillation of a resonating portion and converting the 
vibration to electric signals. However, such signal con- 
verters of vibration are not limited to those utilizing the 
piezoelectric effect, but may be constituted by those uti- 
lizing electromagnetic induction, change in electrostatic 
capacity, change In incident light, change In electric 
resistance, or pyroelectrlcity, 

[0179] For example, those utilizing electromagnetic 
induction Include those having a coil installed on the 
sensing plate, an electric circuit for detecting electric 
signals flowing in the coil, and a magnet (may be an 
electromagnet) for generating a magnetic field in the 
coll. In this case, when the coil oscillates together with 
the resonating portion, an electric current flows through 
the coil due to electromagnetic induction, and the elec- 
tric current is detected by the electric circuit. Also, those 



utilizing change in electrostatic capacity include those 
having a pair of electrodes installed on the surface of 
the sensing plate, a dielectric sandwiched by these 
electrodes, and an electronic circuit connected to these 

5 electrodes, and detecting the electrostatic capacity 
charged in this specific space with the electronic circuit. 
[0180] Those utilizing change In incident light Include 
those having a device for illuminating the resonating 
portion such as a photodiode and a device for measur- 

10 ing the quantity of light reflected by the resonating por- 
tion (Light receiver). This light receiver may be a 
photosensor. As the resonating portion vibrates, the 
quantity of light reflected by the resonating portion 
changes, and change in the quantity of the incident light 

15 Is measured by the light receiver. 

[0181] Those utilizing change in electric resistance 
are roughly divided into that using a conductor and that 
using a semiconductor. That using a conductor has a 
conductor provided on the surface of the resonating 

20 portion, and an electric circuit connected to the conduc- 
tor. Since the conductor is distorted by vibration when 
the conductor oscillates together with the resonating 
portion and its resistance changes, this change in 
resistance is detected by the electric circuit. That using 

25 a semiconductor uses a semiconductor in place of the 
conductor. 

[0182] Those utilizing pyroelectrlcity include those 
comprising a pair of electrodes provided on the surface 
of the sensing plate, a pyroelectric material formed 
30 between these electrodes, an electronic circuit con- 
nected to the electrodes, and a heat source, and detect- 
ing pyroelectric current generated by oscillation with the 
electronic circuit. 

[0183] These types of signal converters of vibration 
35 can be used in place of the piezoelectric elements 
described above, and in addition, different signal con- 
verters can be used for the excitation of the resonating 
portion and for receiving the oscillation from the reso- 
nating portion separately. For example, a piezoelectric 
40 transducer can be used for exciting, and an electrostatic 
capacity-type converter for receiving. The arrangement 
of exciting and receiving devices can be selected suita- 
bly and conveniently depending on the number of sens- 
ing plates. For example, when only one sensing plate is 
45 used, they can be arranged on the surface of the sens- 
ing plate; when two sensing plates are used, they can 
be arranged on both surfaces of the two, or on each sur- 
face. 

50 Industrial Applicability 

[0184] As described above, a double-headed mass 
sensor of the present invention exhibits excellent effects 
in that change in various extremely small masses occur- 
55 ring in a resonating portion, particularly on a diaphragm, 
that is, change in mass load on the diaphragm, can be 
sensed easily and accurately in a short time. Also, since 
such change in the mass is not limited to that of the dia- 



23 



45 



EP0 971 214 A1 



46 



phragm, but resonant frequencies are changed by 
change in the mass occurring in the resonating portion, 
the location where change in the mass occurs can be 
selected depending on the uses. Therefore, when a 
catching substance for catching various substances to 
be sensed is applied to the resonating portion, the dou- 
ble-headed mass sensor can be used as a gas sensor, 
taste sensor, odor sensor, immunosensor, or moisture 
sensor, which can sense various chemical substances 
or microorganisms such as bacteria and viruses. On the 
other hand, when such a catching substance is not 
applied to the resonating portion, the double-headed 
mass sensor can be used as a film-thickness meter, a 
viscosity meter, a vacuum gauge, a thermometer, or the 
like. Moreover, when the double-headed mass sensor is 
used as an immunosensor, an odor sensor, or a taste 
sensor, the reliability of tests can be improved, because 
determination does not rely on human sense. 
[0185] Also, since the double-headed mass sensor of 
the present invention is little affected by the temperature 
of the specimen or change in the properties of materials 
for the double-headed mass sensor itself due to the 
temperature of the specimen on sensing resonant fre- 
quencies, and can measure an extremely small quantity 
of a 0.1 nanogram (ng) order as the nature of its struc- 
ture, it exhibits the effect for sensing an extremely small 
quantity of substance. 

[0186] Furthermore, although the double-headed 
mass sensor of the present invention can be used for 
various applications as described above, since meas- 
urement Is performed on the basis of fundamental 
measurement principle in which change in resonant fre- 
quencies of the resonating portion including the dia- 
phragm subjected to mass load is measured, a plurality 
of sensor portions having different functions can be pro- 
vided in a double-headed mass sensor easily. There- 
fore, since the use of a plurality of various discrete 
sensors is not required, the mass sensor of the present 
invention also excels in economic effects in the reduc- 
tion of costs for incorporating the sensor in the measur- 
ing location, for facilities for handling or measuring such 
as measuring instruments, as well as the reduction of 
costs by the integration and the shared use of manufac- 
turing equipment. 

Claims 

1 . A double-headed mass sensor characterized in that 
between a first connecting plate joined to a first dia- 
phragm at respective sides and a second connect- 
ing plate joined to a second diaphragm at 
respective sides, a resonating portion comprising 
the first connecting plate, the second connecting 
plate, the first diaphragm, the second diaphragm, 
and a first sensing ptate. and a main element being 
provided on at least one plane surface of the first 
sensing plate, bridged in the direction perpendicu- 
lar to the joining direction of each of said connecting 



plates and each of said diaphragms, is joined to a 
sensor substrate at at least a part of sides of said 
first connecting plate and said second connecting 
plate. 

5 

2. The double-headed mass sensor according to 
claim 1 characterized In that said main element is 
split in the direction perpendicular to the joining 
direction of said first sensing plates and each of 

10 said connecting plates. 

3. A double-headed mass sensor characterized in 
that. 

15 a first connecting ptate is joined to a first dia- 

phragm and a second connecting plate Is 
joined to a second diaphragm at respective 
sides, 

said first connecting plate is positioned 

20 between a first sensing plate and a second 

sensing ptate, said second connecting ptate Is 
positioned between said first sensing plate and 
a third sensing plate, so that the respective 
sides are joined to each other, and 

25 a resonating portion comprising the first con- 

necting plate, the first diaphragm, the second 
connecting ptate, the second diaphragm, the 
first sensing plate, the second sensing plate, 
the third sensing plate, a main element pro- 

30 vided on a part of at least one plane surface of 

said first sensing plate and/or a subsidiary ele- 
ment provided on at least a part of at least one 
of the plane surface of said second sensing 
plate and said third sensing plate, is joined to a 

35 sensor substrate at at least a part of sides of 

said respective connecting plates. 

4. The double-headed mass sensor according to 
claim 3 characterized In that said main element 

40 and/or subsidiary element is split in the direction 
perpendicular to the joining direction of each of said 
sensing plates and each of said connecting plates. 

5. The double-headed mass sensor according to any 
45 one of claims 1 through 4 characterized in that the 

direction of the extension of the center line equally 
dividing the plane surface of said first sensing plate 
and perpendicular to the joining direction of said 
first sensing plate and each of said connecting 
50 plates Is parallel to the joining direction of said first 
connecting plate and said first diaphragm, and the 
joining direction of said second connecting plate 
and said second diaphragm, and 

55 said resonating portion has a shape symmetri- 

cal about said center line. 

6. The double-headed mass sensor according to any 
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one of claims 1 through 5 characterized in that a 
position sensor consisting of a pair of electrodes on 
said sensor substrate Is provided at the central 
position between each of said diaphragms and said 
main element. 5 

7. A double-headed mass sensor characterized in that 
a side of each diaphragm is joined to a side of each 
connecting plate so that a first diaphragm is sand- 
wiched between a first connecting plate and a sec- w 
ond connecting plate, and a second diaphragm is 
sandwiched between a third connecting plate and a 
fourth connecting plate; 

a first sensing plate is bridged across said first is 
connecting plate and said third connecting 
plate, and a second sensing plate Is bridged 
across said second connecting plate and said 
fourth connecting plate; and 
a resonating portion comprising the first con- 20 
necting plate, the first diaphragm, the second 
connecting plate, the second diaphragm, the 
third connecting plate, the fourth connecting 
plate, the first sensing plate, the second sens- 
ing plate, and a main element provided on at 25 
least one plane surface of each of said sensing 
plates, Is bridged across the gap or space 
between the sides of a sensor substrate facing 
to each other, so that at least a part of the side 
of each of said connecting plates is joined to 30 
the sides of the sensor substrate. 

8. The double-headed mass sensor according to 
claim 7 characterized in that said main element is 
split In the direction perpendicular to the joining 35 
direction of each of said sensing plates and each of 
said connecting plates. 

9. A double-headed mass sensor characterized in that 

a side of each diaphragm Is joined to a side of each 40 
connecting plate so that a first diaphragm is sand- 
wiched between a first connecting plate and a sec- 
ond connecting plate, and a second diaphragm is 
sandwiched between a third connecting plate and a 
fourth connecting plate; 45 

each of said connecting plates is joined at the 
respective sides so that said first connecting 
plate is positioned between a first sensing plate 
and a third sensing plate, said third connecting so 
plate is positioned between said first sensing 
plate and a fourth sensing plate, said second 
connecting plate is positioned between a sec- 
ond sensing plate and a fifth sensing plate, and 
said fourth connecting plate is positioned ss 
between said second sensing plate and a sixth 
sensing plate; 

a resonating portion comprising the first con- 



necting plate, the first diaphragm, the second 
connecting plate, the second diaphragm, the 
third connecting plate, the fourth connecting 
plate, the first sensing ptate, the second sens- 
ing plate, the third sensing plate, the fourth 
sensing plate, the fifth sensing plate, the sixth 
sensing plate, main elements provided on at 
least a part of at least one of the plane surface 
of said first sensing plate and said second 
sensing plate, and/or subsidiary elements pro- 
vided on at least a part of at least one plane 
surface of one or more of said third sensing 
plate, said fourth sensing plate, said fifth sens- 
ing plate, and said sixth sensing plate, is 
bridged across the gap or space between the 
sides of a sensor substrate facing to each 
other, so that at least a part of the side of each 
of said connecting plates is joined to the sides 
of the sensor substrate. 

10. The double-headed mass sensor according to 
claim 9 characterized In that each of said main ele- 
ments and/or each of said subsidiary elements is 
split in the direction perpendicular to the joining 
direction of each of said sensing plates and each of 
said connecting plates. 

11. The double-headed mass sensor according to any 
one of claims 7 through 1 0 characterized in that the 
center line equally dividing the plane surface of said 
first sensing plate and perpendicular to the joining 
direction of said first sensing plate to said first con- 
necting plate and said third connecting plate coin- 
cides with the center line equally dividing the plane 
surface of said second sensing plate and perpen- 
dicular to the joining direction of said second sens- 
ing plate to said second connecting plate and said 
fourth connecting plate; 

the direction of the extension of said center line 
is parallel to the direction where said first con- 
necting plate and said second connecting plate 
sandwich said first diaphragm, and the direc- 
tion where said third connecting plate and said 
fourth connecting plate sandwich said second 
diaphragm; and 

said resonating portion has a shape symmetri- 
cal about each of said center line, and the line 
orthogonal to said center tine and passing 
through the centers of said first diaphragm and 
said second diaphragm. 

12. The double-headed mass sensor according to any 
one of claims 1 though 1 1 characterized in that, 

each of said main elements and/or each of said 
subsidiary elements is a piezoelectric element 
consisting of at least a first electrode, a second 
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electrode, and a piezoelectric film, 
said piezoelectric element has a laminated 
structure in which said piezoelectric film is 
sandwiched between said first electrode and 
said second electrode, or 
a structure in which a comb-shaped electrode 
consisting of said first electrode and said sec- 
ond electrode facing to each other on the plane 
surface of said piezoelectric film or between 
said piezoelectric film and a sensing plate on 
which said piezoelectric film is provided, or 
a structure in which a said piezoelectric film Is 
provided in the gap between said first electrode 
and said second electrode forming the comb- 
shaped electrode. 

13. The double-headed mass sensor according to 
claim 1 2 characterized in that the direction of polar- 
ization of said piezoelectric film in each of said main 
elements is opposite to the direction of polarization 
of said piezoelectric film in each of said subsidiary 
elements. 

14. The double-headed mass sensor according to 
claim 12 or 13 characterized in that said piezoelec- 
tric film Is formed from a material consisting mainly 
of lead zirconate, lead titanate, and lead magne- 
sium niobate. 

15. The double-headed mass sensor according to any 
one of claims 12 through 14 characterized in that 
the available electrode area of said piezoelectric 
element is adjusted by removing a part of said first 
electrode and/or said second electrode with laser 
processing or machining. 

16. The double-headed mass sensor according to any 
one of claims 1 through 15 characterized in that 
each of said diaphragms, each of said connecting 
plates, and each of said sensing plates form the 
even plane surface through joining to each other. 

17. The double-headed mass sensor according to any 
one of claims 1 through 16 characterized in that 
each of said sensing plates is fitted in and joined to 
the concave portion formed by each of said con- 
necting plates and said sensor substrate. 



19. The double-headed mass sensor according to any 
one of claims 1 through 18 characterized in that 
spring plates are joined to a plane surface in the 
same direction of each of said connecting plates, or 

5 on both plane surfaces of each of said connecting 
plates, and 

each of said spring plates is joined to said sen- 
sor substrate or a spring plate reinforcing mem- 
10 bet. 

20. The double-headed mass sensor according to 

claim 19 characterized in that each of said spring 
plates is integrally formed with an intermediate 
15 plate which is integrally fitted between said vibrat- 
ing plate and said base plate, or integrally formed 
with said spring plate reinforcing member integral 
with said vibrating plate, and formed also integrally 
with each of said connecting plates. 

20 

21. The double-headed mass sensor according to 
claim 19 or 20, comprising a reinforcing plate join to 
each of said spring plates, and joined to said sensor 
substrate. 

25 

22. The double-headed mass sensor according to 
claim 21 characterized In that said reinforcing plate 
is formed integrally with each of said spring plates 
and said sensor substrate. 

30 

23. The double-headed mass sensor according to any 
one of claims 1 through 22 characterized in that a 
catching substance, which reacts only with a sub- 
stance to be sensed and catches said substance to 

35 be sensed, is applied to the surface of at least one 
of said first diaphragm and said second diaphragm, 
or to at least a part of the surface of said resonating 
portion. 

40 24. The double-headed mass sensor according to any 
one of claims 1 through 23 characterized in that 
each of said main elements, each of said subsidiary 
elements and electrode leads electrically con- 
nected to electrodes forming each of said main ele- 
45 ments and/or each of said subsidiary elements are 
insulated by an insulation coating layer consisting 
of a resin or glass. 
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18. The double-headed mass sensor according to any 
one of claims 1 though 17 characterized in that 
each of said diaphragms, each of said connecting 
plates, and each of said sensing plates are inte- 
grally formed from a vibrating plate, and 



25. The double-headed mass sensor according to 
50 claim 24 characterized in that said resin is a fluoro- 

carbon resin or a silicone resin. 

26. The double-headed mass sensor according to 
claim 24 or 25 characterized in that at least a part of 
the surface of said insulation coating layer is coated 
by a shield layer consisting of a conductive mate- 
rial. 



said sensor substrate is integrally formed by 55 
laminating said vibrating plate and a base 
plate. 
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27. The double-headed mass sensor according to any 
one of claims 1 through 26 characterized In that 
each of sensor substrates, each of said dia- 
phragms, each of said connecting plates, each of 
said sensing plates, each of said spring plates, and 
said spring plate reinforcing member and said rein- 
forcing plate are comprised of stabilized zirconia or 
partially stabilized zirconia. 

28. The double-headed mass sensor according to any 
one of claims 1 through 27 characterized in that the 
shapes of at least some of each of said dia- 
phragms, each of said connecting plates, each of 
said sensing plates, and each of said spring plates 
are dimensionally adjusted by trimming with laser 
processing or machining. 

29. A method for sensing a mass with a double-headed 
mass sensor in which connecting plates are joined 
to each of two diaphragms at respective sides, and 
a sensing plate on which a main element or a sub- 
sidiary element is provided as required bridges 
between said connecting plates, or sandwiches 
said connecting plates, and at least a part of the 
side of said connecting plate is joined to a sensor 
substrate, characterized in measuring with said ele- 
ment the resonant frequency of the resonating por- 
tion of said double-headed mass sensor on the 
basis of at least either one of, 

the bending-mode oscillation in which said dia- 
phragm, making the face where said connect- 
ing plate is joined to said sensor substrate the 
fixed face, bends in the direction perpendicular 
to a vertical axis passing through the center of 
said fixed face vertically, and In the direction 
perpendicular to the plane surface of said dia- 
phragm; 

the axial rotation-mode oscillation in which said 
diaphragm makes rotational oscillation around 
said vertical axis making said vertical axis the 
central axis; 

the e-mode swing oscillation in which said dia- 
phragm makes pendulum-like oscillation cen- 
tered on said vertical axis in the direction 
perpendicular to the side of said diaphragm 
and also perpendicular to said vertical axis; or 
the (j)-mode swing oscillation in which said dia- 
phragm makes pendulum-like oscillation cen- 
tered on said vertical axis with the swing In the 
direction perpendicular to the side of said dia- 
phragm and also perpendicular to said vertical 
axis accompanied by the swing in the direction 
parallel to the side of said diaphragm. 

30. A method for sensing a mass with a double-headed 
mass sensor in which each of two diaphragms is 
joined so as to be sandwiched by connecting plates 



at respective sides, a sensing plate on which a 
main element or a subsidiary element is provided 
as required bridges between said connecting 
plates, or sandwiches said connecting plates, and 

5 at least a part of the side of said connecting plate is 
joined to the sides facing to each other across the 
gap in the sensor substrate, characterized in meas- 
uring with said element the resonant frequency of 
the resonating portion of said double-headed mass 

10 sensor on the basis of at least either one of, 

the axial rotation-mode oscillation in which said 
diaphragm, making the face where said con- 
necting plate is joined to said sensor substrate 

IS the fixed face, makes rotational oscillation 

around said vertical axis passing through the 
center of said fixed face vertically, while making 
said vertical axis the central axis; 
the Tj-mode plane rotational oscillation in which 

20 said diaphragm makes rotational oscillation 

around the center of said diaphragm in the 
plane surface of said diaphragm; 
the (t)-mode swing oscillation in which said dia- 
phragm makes pendulum-like oscillation cen- 

25 tered on said vertical axis with the swing In the 

direction perpendicular to the side of said dia- 
phragm and also perpendicular to said vertical 
axis accompanied by the swing in the direction 
parallel to the side of said diaphragm; or 

30 the monoaxial-mode reciprocal oscillation in 

which said diaphragm oscillates reciprocally in 
the plane surface of said diaphragm in the 
direction orthogonal to said vertical axis. 

35 31. The method for sensing a mass with a double- 
headed mass sensor according to claim 29 or 30 
characterized in that, by obtaining difference 
between two resonant frequencies produced by the 
fact that the masses of one diaphragm and the con- 

40 necting plate joined to the diaphragm do not 
change, and the masses of the other diaphragm 
and the connecting plate joined to the other dia- 
phragm change, change in the masses of said 
other diaphragm and the connecting plate joined to 

45 the other diaphragm is sensed. 
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